REMARKS 

In response to the Office Action dated January 10, 2001, Applicants have amended 
the claims which, when considered with the following remarks, is deemed to place the present 
application in condition for allowance. No new matter is introduced. Favorable consideration of 
all pending claims is respectfully requested. 

Claims 6-12 and 41-51 are pending. In the pending Office Action, the Examiner 
alleges that claims 41-49 are drawn to a non-elected invention and are withdrawn from 
consideration. 

Applicants respectfully traverse the Examiner's restriction in this regard. Applicants 
respectfully submit that an Examiner's authority to require restriction is defined and limited by 
statute: 

If two or more inde pendent and distinct inventions are claimed in one 
application, the Commissioner may require the application to be 
restricted to one of the inventions. 

35 U.S.C. § 121, first sentence (emphasis added). The implementing regulations of the Patent 

and Trademark Office include the mandate that restriction is appropriate only in cases presenting 

inventions which are both independent and distinct, 37 C.F.R. §§1.141-142. Without a showing 

of independence and distinctness, a restriction requirement is unauthorized. 

Applicants respectfully submit that the subject matter of claims 41-49 is not 

"independent and distinct" from the subject matter of claims 6-12 and 50-51. More specifically, 

claim 6-12 and 50-51 are drawn to isolated nucleic acid molecules encoding a protein which 

comprises a SOCS box as defined by SEQ ID NO: 5 1 . Claim 41 is also directed to an isolated 

nucleic acid molecule encoding a protein which comprises a SOCS box as defined by SEQ ID 

NO: 51 wherein X, is L, I, V, M or P (as opposed to L, I, V, M, A or P in claim 6). Claim 42, 
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depending from claim 6 and claim 41, further delineates the SOCS motifs of claims 6 and 41 by 
specific SEQ ID NOS. Claims 43-49 further delineate the nucleic acid molecules of claims 6 
and 41 by sequence similarity or hybridization characteristics. Applicants respectfully submit 
that the subject matter of claims 6-12 and 50-51 and the subject matter of claims 41-49 are 
closely related, and not independent or distinct. Accordingly, Applicants respectfully request the 
Examiner reconsider the restriction and include all pending claims in the examination, or at least 
examine all pending claims (i.e., claims 6-12, 41-51) to the extent that these claims read on the 
originally elected species (SEQ ID NO: 3 and SEQ ID NO: 4). 

In the pending Office Action, claims 6-12 and 50-51 are rejected under 35 U.S.C. 
§101 . The Examiner alleges that the claimed nucleic acid molecules are not supported by either 
a specific and substantial asserted utility or by a well-established utility. More specifically, the 
Examiner contends that the binding partners and effector molecules of the SOCS proteins are 
unknown. 

Applicants respectfully submit that a specific and substantial utility of the claimed 
nucleic acid molecules has been expressly asserted in the specification. For example, at page 61 
of the specification, it is stated: 

The SOCS and its genetic sequence of the present invention will be 
useful in the generation of a range of therapeutic and diagnostic 
reagents and will be especially useful in the detection of a cytokine 
involved in a particular cellular response or a receptor for that 
cytokine. 



Soluble SOCS polypeptides are also contemplated to be particularly 
useful in the treatment of disease, injury or abnormality involving 
cytokine-mediated cellular responsiveness such as hyperimmumty, 
immunosuppression, allergies, hypertension and the like. 
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Furthermore, the specification provides that the claimed nucleic acid molecules can 
be used in a range of genetic based diagnostic assays screening for individuals with defective 
SOCS genes which lead to a range of conditions. See page 62 of the specification. 

Applicants further submit that, even if the binding partners or the effector molecules 
of the SOCS proteins were unknown, such information is not entirely necessary for those skilled 
in the art to use the claimed nucleic acid molecules. In this regard, Applicants respectfully direct 
the Examiner's attention to Examples 13-14 of the specification (page 71) where the expression 
of the SOCS1 gene was shown to suppress the action of a range of cytokines including IL-6. 

In this connection, Applicants respectfully submit that it was well-known in the art at 
the time the present application was filed that IL-6 was a multifunctional cytokine and that 
dysregulated overproduction of IL-6 causes unfavorable clinical symptoms in patients with 
immune-inflammatory diseases such as rheumatoid arthritis. See, e.g., Madhok et al. Ann. 
Rheum. Dis. 52 (3): 232-4 (1993) (the abstract of which is provided herewith as Exhibit A). 
Overproduction of IL-6 was also believed to be involved in the pathogenesis of lymphoid 
malignancies, e.g., high-grade B-cell lymphomas and myelomas. See, e.g., Emilie et al. Blood 
80(2): 498-504 (1992) (the abstract of which is provided herewith as Exhibit B). Applicants 
further provide herewith three references showing the benefits of anti-IL-6 antibodies in the 
treatment of B-lymphoid malignancy and arthritis. See Exhibits C-E. Thus, in light of the 
present teaching, it would have been apparent to those skilled in the art that the claimed nucleic 
acid molecules can be used in the treatment of disorders wherein the suppression of the IL-6 
function is desired. 

As further support of the utility of the claimed nucleic acid molecules in the treatment 
of cytokine-mediated disorders, Applicants provide herewith two additional references: 
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Alexander et al. Cell 98: 597-608 (1999) (Exhibit F) which suggests that SOCS1 inhibits IFN- 
y action; and Metcalf et al. Nature 405: 1069 (2000) (Exhibit G) which suggests that SOCS2 
inhibits IGF-I action. Therefore, the claimed nucleic acid molecules can also be used in the 
treatment of disorders mediated by these cytokines. 

In view of the foregoing, it is respectfully submitted that the claimed nucleic acid 
molecules are adequately supported by a substantial and specific utility as required by 35 U.S.C. 
§101. Withdrawal of the rejection under 35 U.S.C. §101 is therefore respectfully requested. 

Claims 6-12 and 50-51 are further rejected under 35 U.S.C. §112, first paragraph. 
The Examiner contends that, since the claimed invention is not supported by either a specific and 
substantial utility or a well-established utility, one skilled in the art would not know how to use 

the claimed invention. 

Applicants reassert that the claimed nucleic acid molecules are supported by a 
specific and substantial utility, and that the present specification adequately teaches one skilled 
in the art how to make and use the claimed nucleic acid molecules. As such, the rejection under 
35 U.S.C. §112, first paragraph, is obviated. Withdrawal of the rejection is respectfully 
requested. 

Claims 6-12 and 50-51 are further rejected under 35 U.S.C. §1 12, first 
paragraph as allegedly not enabled. The Examiner contends that it would take undue 
experimentation to make and use the molecules as claimed. 

Applicants respectfully submit that the specification provides adequate 
guidance for those skilled in the art to make and use the SOCS molecules as claimed. In 
particular, the specification specifically exemplifies the isolation of multiple SOCS genes 
from more than one species, including murine SOCS-1, rat SOCS-1, human SOCS1, 
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murine SOCS-2, murine SOCS-3 and murine SOCS-5. The specification also provides 
partial or nearly full sequences for a number of other SOCS genes. In light of the present 
teaching, those skilled in the art can readily obtain a SOCS gene as claimed without 
undue experimentation. Further, as elucidated above, the use of such nucleic acids is 
also apparent from the teaching of the specification and the art extant at the time of the 
filing of the present application. As such, Applicants respectfully submit that the 
rejection under the enablement requirement of 35 U.S.C. §112, first paragraph, is 
overcome. Withdrawal of the rejection is respectfully requested. 

In view of the foregoing amendments and remarks, it is firmly believed that the 
subject application is in condition for allowance, which action is earnestly solicited. 

Respectfully submitted, 

Frank S. DiGiglio 
Registration No. 3 1 ,346 

Scully, Scott, Murphy & Presser 
400 Garden City Plaza 
Garden City, New York 1 1 530 
Telephone: 516-742-4343 

FSD/XZ:ab 
Encs.: Exhibits A-G 
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Serum interleukin 6 levels in rheumatoid arthritis: 
correlations with clinical and laboratory indices of disease 
activity. 



Relabel Resources 



Madhok R, Crilly A, Watson J, Capell HA. 

Department of Rheumatology, Gartnavel and Western Infirmary, Glasgow, 
United Kingdom. 

In rheumatoid synovium interleukin 6 (IL-6) is the most abundantly 
expressed cytokine. Increased serum levels have been previously reported in 
patients with rheumatoid arthritis (RA). In this study serum IL-6 levels were 
measured in a well defined cohort using a bioassay (B9 cells) and levels 
were correlated with conventional clinical and laboratory indices of disease 
activity. Levels were significantly higher in serum from patients with RA 
(median 55 IU/ml; interquartile range 28-139) compared with serum from 
disease (median 7 IU/ml; 1-23) and normal controls (median 10 IU/ml; 
7-12). No difference was observed between men and women. Levels did not 
correlate with disease duration. Significant associations were observed 
between IL-6 and C reactive protein and between the Ritchie articular index 
and duration of morning stiffness. No other correlations were observed. The 
value of these findings in the monitoring of RA and as an indicator of 
response to second line treatment needs to be established. 

PMID: 8484679 [PubMed - indexed for MEDLINE] 
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Interleukin-6 production in high-grade B lymphomas: 
PubMed Services correlation with the presence of malignant immunoblasts in 

acquired immunodeficiency syndrome and in human 
immunodeficiency virus-seronegative patients. 



Emilie D, Coumbaras J, Raphael M, Devergne Delecluse HJ, 
Gisselbrecht C, Michiels JF, Van Damme J, Taga T, Kishimoto T, et al. 

INSERM U131, Clamart, France. 

Related Resources 

The mechanisms leading to malignant cell proliferation may differ between 
the different histologic forms of high-grade non-Hodgkin's lymphomas. To 
analyze the potential role of interleukin-6 (IL-6) as a growth factor for 
lymphomatous cells in these different forms, the in situ production of this 
cytokine was analyzed in lymphomatous samples taken from 24 patients, 18 
of whom were human immunodeficiency virus (HIV) infected. Eleven 
Burkitt's lymphomas (BLs), seven diffuse large-cell lymphomas, and six 
immunoblastic lymphomas were studied. In situ hybridization experiments 
showed that the IL-6 gene was expressed in all tissues. The number of IL-6 
gene-expressing cells was 7 times higher in the non-BLs than in the BLs, 
and it was 17 times higher than that of 14 control lymph nodes displaying a 
benign follicular hyperplasia. Analysis of individual cases indicated that the 
level of IL-6 gene expression was strongly correlated with the presence of 
immunoblasts within the malignant clone. In contrast, this level was not 
correlated with the presence of Epstein-Barr virus genome in the lymphoma 
or with the HIV status of patients. Immunohistochemical studies with an 
anti-IL-6 monoclonal antibody showed that IL-6 was produced in non-BLs, 
but not in BLs. In the former, IL-6 mainly originated from reactive, 
nonmalignant cells. Immunohistochemical analyses of non-BLs also showed 
that malignant cells produced the 80-Kd chain of the IL-6 receptor. Taken 
together, these results suggest that IL-6 may act as a growth factor in some 
forms of high-grade B lymphomas. The presence of immunoblasts may be 
an indicator of such forms. 
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CLINICAL OBSERVATIONS, INTERVENTIONS, AND THERAPEUTIC TRIALS 



Treatment of B-lymphoproliferative disorder with a monoclonal anti-interleukin-6 
antibody in 12 patients: a multicenter phase 1-2 clinical trial 

Elie Haddad, Sophie Paczesny, Veronique Leblond, Jean-Marie Seigneurin, Marc Stern, Antoine Achkar, Marc Bauwens, Vincent Delwail, 
Dominique Debray, Christophe Duvoux, Philippe Hubert, Bruno Hurault de Ligny, John Wijdenes, Anne Durandy, and Alain Fischer 



per day. The next 7 patients received 0.8 
mg/kg per day. Treatment was scheduled 
to last 15 days. It was completed in 10 
patients, and in the other 2 patients was 
discontinued early (days 10 and 13, re- 
spectively) because of disease progres- 
sion. Treatment tolerance was good, and 
no major side effects were observed. High 
C-reactive protein levels were found in 9 
patients before treatment but were nor- 
malized under treatment in all patients, 
demonstrating efficient IL-6 neutraliza- 
tion. Complete remission (CR) was ob- 
served in 5 patients and partial remission 
(PR) in 3 patients. Relapse was observed 



in 1 of these 8 patients in whom remission 
was observed. This relapse was unre- 
sponsive to treatment. Disease was stable 
in 1 patient, but it progressed in 3 pa- 
tients. Seven patients are alive and well. 
Two patients died because of disease 
progression, and 3 patients died while in 
CR (chronic rejection in 2 patients and 
BLPD sequelae in 1 patient). These data 
suggest that the anti-IL-6 antibody is safe 
and should be further explored in the 
treatment of BLPD. (Blood. 2001 ;97: 
1590-1597) 

© 2001 by The American Society of Hematology 



Severe T-cell immunodeficiency after solid 
organ or bone marrow transplantation 
may result in the uncontrolled outgrowth 
of latently Epstein-Barr virus-infected B 
cells, leading to B-lymphoproliferative dis- 
order (BLPD). Given the potentially impor- 
tant pathogenic role of IL-6 in BLPD, it 
was tested whether the in vivo neutraliza- 
tion of IL-6 by a monoclonal anti-IL-6 
antibody could contribute to the control 
of BLPD. Safety and efficacy were as- 
sessed in 12 recipients of transplanted 
organs who had BLPD refractory to the 
reduction of immunosuppression over 8 
days. Five patients received 0.4 mg/kg 

Introduction 

B-lymphoproliferative disorder (BLPD) is a severe complication of 
organ and bone marrow transplantation (BMT) caused by the 
Epstein-Barr virus (EBV). 1 " 7 EBV latently infects B cells, which 
become immortalized by expressing part of the viral genome that 
persists in an episomal form. 8 The growth of EBV-infected B cells 
is controlled by cytotoxic T cells. 9 In vivo severe T-cell immunode- 
ficiency, such as occurs in patients with inherited cellular immuno- 
deficiency 10 or acquired immunodeficiency syndrome 11 and in 
recipients of solid organ or bone marrow transplants, 12 ' 14 may 
result in the uncontrolled outgrowth of EBV-infected B cells, 
leading to BLPD. BLPD occurs in \% to 15% of organ recipients 
and in 0.5% to 24% of bone marrow recipients, depending on the 
type of transplantation, the ages of donor and recipient, the 
intensity of immunosuppression, and the method of T-cell deple- 
tion. 15 ' 18 The overall prognosis of BLPD is poor, and the disease is 
fatal in 40% to 60% of affected recipients of transplanted or- 
gans 1519 * 22 and in 90% of affected BMT recipients. 15,23 25 Treatment 
strategy is still controversial. Antiviral therapy (acyclovir, ganciclo- 
vir) is ineffective at preventing the persistence of episomal EBV 
associated with the latent phase. Although such treatment has not 
been definitively shown to be effective against BLPD, remission 
has occasionally been reported. 15,26 Chemotherapy and radio- 
therapy are of limited value, at least in early-onset EBV-associated 



BLPD. 15,27 Surgery may save the patient's life in cases of localized 
BLPD. 15 Preliminary data have suggested improved survival with 
the use of interferon-a and the intravenous infusion of high-dose 
immunoglobulins. 28 For BLPD occurring after BMT, the infusion 
of donor T lymphocytes or EBV-specific donor cytotoxic T 
lymphocytes can be effective in bringing B-cell proliferation under 
control. 12,29 The use of anti-B-cell monoclonal antibodies (mAbs) 
(anti-CD24 and anti-CD21) appeared to be a safe and relatively 
efficient therapy for post-transplant early-onset BLPD. 30 ' 32 How- 
ever, these anti-B-cell mAbs are no longer available. The use of a 
humanized anti-CD20 mAb may be an attractive alternative, as 
recently reported in a small number of patients. 33 " 35 

We investigated the effect of a monoclonal anti-interleukin-6 
(IL-6) antibody on B-cell growth in patients with BLPD. IL-6 is a 
multifunctional cytokine produced by monocytes, fibroblasts, endo- 
thelial cells, and other cell types. It plays an important role in the 
proliferation and maturation of B cells. 36 " 39 Overproduction of this 
cytokine is thought to be involved in the pathogenesis of lymphoid 
malignancies, high-grade B-cell lymphomas, 40,41 and myelo- 
mas 42 ' 44 in particular. It has also been shown that IL-6 promotes the 
growth of EBV-infected B cells, 45,46 that patients with BLPD 
produce abnormally high levels of IL-6 45,47 and that B-cell lines 
derived from BLPD express the p80 chain of the IL-6 receptor. 48 In 
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addition, the transfection of EBV-transformed B cells with human 
IL-6 cDNA greatly increases the proliferation of these cells both in 
vivo and in vitro. 49 ' 50 Durandy et al 48 showed that anti-IL-6 mAb 
could inhibit the growth of several BLPD-derived B-cell lines in 
severe combined immunodeficiency disease (SCID) mice in vivo. 
This treatment led to complete remission in most mice and to 
tumor-free, long-term survival in 40% of mice. 

Given the probable importance of IL-6 in BLPD pathogenesis, 
we tested, in a phase 1-2 clinical trial, the toxicity and efficacy of 
anti-IL-6 mAb treatment against BLPD occurring after organ 
transplantation. We report here the results of a trial in 12 patients. 



Materials and methods 

Monoclonal anti-IL-6 antibody 

The mouse monoclonal anti-IL-6 antibody (B-E8) 5 ' was produced and 
supplied by Diaclone (Besancon, France; specific activity, 1 |xg B-E8 
neutralizes 6000 U IL-6). 

Protocol design 

This study consisted of a multicenter phase 1-2 trial of monoclonal 
anti-IL-6 antibody administration to patients with post-transplant BLPD. 
Detailed informed consent was obtained from all patients or from parents of 
children younger than 10 years of age, in accordance with French 
legislation and as approved by the ethics committee of Necker Hospital 
(Paris, France). We evaluated anti-IL-6 antibody-related toxicity and 
effects on BLPD. 

Patient enrollment 

BLPD was diagnosed based on the presence of a lymphoproliferative 
syndrome with detectable tumors consisting of EBV-positive B lympho- 
cytes. EBV was detected immunohistologically, with anti-LMP antibodies, 
by polymerase chain reaction (PCR) detection of the EBV genome, or by 
Southern blot analysis or by in situ hybridization (see below). 

For inclusion in the study, patients could be of any age but had to have 
acquired BLPD after organ transplantation and to have satisfied at least one 
of the following criteria: (1) be unresponsive to the tapering of immunosup- 
pression for a minimum of 8 days; (2) have histologically invasive disease 
with nodal capsule disruption; (3) have rapidly progressive multiple 
lymphoproliferative lesions, excluding those from surgery. BLPD unrespon- 
sive to the tapering of immunosuppression treatment for a minimum of 8 
days was defined as no change in C-reactive protein (CRP) level, fever, or 
other general manifestations, and no decrease in tumor size detected by 
clinical assessment and appropriate imaging tests. 

No other BLPD treatments were given in association with the anti-IL-6 
antibody. If disease progression was observed during the administration of 
anti-IL-6 antibody, treatment could be stopped and another treatment could 
be proposed. Twelve patients were included in the study between Septem- 
ber 1995 and August 1998. The final data were collected on June 30, 1999. 

Anti-IL-6 antibody dose and administration 

The monoclonal anti-IL-6 antibody BE-8 was diluted in 2 mL/kg 5% 
glucose serum and administered as a 30-minute intravenous infusion once a 
day for 1 5 days. To evaluate toxicity and the dose dependency of the effects 
of the anti-IL-6 antibody, a dose escalation trial was performed. Patients 1 
to 3 received a dose of 0.4 mg/kg per day. Patients 4 and 5 received a 1 
mg/kg bolus on day 1, which was followed by injections of 0.4 mg/kg per 
day. These doses were well tolerated (see "Results"); hence, the remaining 7 
patients received a third regimen consisting of a 1 mg/kg bolus followed by 
injections of 0.8 mg/kg per day. CRP was determined on day 3. In all 
patients, if CRP levels did not normalize by day 3, the dose given was 
doubled for the remaining 12 days of treatment, whatever the initial dose. 



Study criteria 

The end point of this dose escalation study was the determination of the 
toxicity of anti-IL-6 antibody administration and its efficacy against BLPD, 
as assessed 4 months after treatment. We evaluated the toxicity of BE-8 in 
patients using the World Heath Organization Toxicity Criteria. Blood 
pressure, temperature, and heart rate were monitored every 10 minutes 
during BE-8 infusion, then every hour for 3 hours and every 3 hours until 
the next injection. Hematologic, renal, and liver function tests were 
conducted every day during treatment and on days 22, 30, 60, and 120. 

Clinical symptoms of BLPD were monitored (examination of all 
affected sites, fever) every day during treatment, then once per week for 2 
weeks, and then once per month for 6 months. Tumor size was determined 
by radiologic imaging (computed tomography and/or magnetic resonance 
imaging and/or ultrasound imaging) on days 15, 30, and 120. Biologic 
variables were also studied. CRP was determined every 3 days during 
treatment, then once per week for 2 weeks, and then on days 60 and 120. 
PCR tests for the detection of EBV-DNA in blood and determinations of 
serum immunoglobulin levels, monoclonal immunoglobulin components, 
and specific antibodies against EBV were carried out every 2 weeks for 1 
month and then on days 60 and 120. 

Complete remission (CR) was defined as the complete clinical and 
radiologic disappearance of tumors at all sites, the disappearance of 
associated biologic signs (high levels of CRP, detection of circulating B 
cells expressing the EBV genome), and the absence of newly involved sites. 
Partial remission (PR) was defined as at least a 50% decrease in measurable 
tumor localization, with the disappearance of fever and no newly involved 
sites. Stable disease (SD) was defined as no significant change in tumor 
measurements and no newly involved sites. Progressive disease (PD) was 
defined as an increase in the size of tumor lesions or the appearance of 
new lesions. 

Immunologic investigations 

The following B- and T-cell-specific mAbs were used, as previously 
described, 31 to characterize T and B lymphocytes in blood and in organ 
tissue samples when available: anti-immunoglobulin heavy-chain and 
light-chain isotypes 30 ; anti-CD 19, CD20, CD24, CD21, and CD23 antibod- 
ies (Immunotech, Marseilles, France); and anti-CD3, CD4, and CD8 
antibodies (BD, San Diego, CA). Analyses were performed by indirect 
immunofluorescence cytofluorometry. Fresh cells were used for membrane 
immunofluorescence analysis and fixed cells for intracytoplasmic staining. 
Immunoperoxidase staining of biopsy sections was performed as previously 
described, 52 Serum immunoglobulin levels were determined by nephelom- 
etry, and monoclonal immunoglobulin components were determined by 
immunofixation. 53 Serum IL-6 levels were determined using a specific 
anti-IL-6 enzyme-linked immunosorbent assay (ELISA) assay (CLB, 
Amsterdam, The Netherlands), as previously described, 48 

Virologic investigations 

EBV-DNA was detected in frozen material by Southern blot analysis using 
a randomly primed 32 P-labeled probe specific for the BamW\ W internal 
repeats of the virus, in situ hybridization with EBV-specific probes, 54 
PCR analysis, 55 or any combination thereof. Specific antibodies (IgG and 
IgM isotypes) against EBV (viral capsid antigen, early antigen, EBV 
nuclear antigen) in organ transplant recipients were detected by an ELISA 
assay. Immunoperoxidase staining of biopsy sections was also performed 
forLMPl. 52 

CI nality studies 

Immunoglobulin gene rearrangement studies of proliferative B cells were 
performed by Southern blotting, using a probe for the sequence encoding 
the heavy-chain joining region (JH). BLPD was considered to be monoclo- 
nal if a single immunoglobulin rearrangement was obtained for the 
abnormal specimen analyzed, regardless of whether a single monoclonal 
serum component had been detected by immunofixation. BLPD was 
considered to be oligoclonal if no unique immunoglobulin heavy-chain 
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rearrangement was observed, several serum monoclonal immunoglobulin 
components were detected through immunofixation, or both. 



Results 

Patients and BLPD characteristics 

Median age at the onset of BLPD was 35 years (range, I year to 62 
years). Organs transplanted were lung (n = 5), kidney (n = 3), 
liver (n = 3), and heart (n = 1). The characteristics of the BLPD 
are shown in Table 1 . In all patients, biopsy of BLPD lesions was 
performed to confirm the B-lymphocyte phenotype of infiltrating 
cells and the presence of EBV (Table 1). 

All patients were on immunosuppressive treatment at the time 
of BLPD onset (Table 2). Eight patients had received highly 
aggressive immunosuppressive therapy because of graft rejection; 
in 4 patients, this occurred less than 3 months before the onset of 
BLPD. In all patients, immunosuppression was reduced when 
BLPD was diagnosed. In none of these patients did immunosuppres- 
sion tapering for at least 8 days affect the BLPD lesions (ie, tumors 
were not reduced, as shown by appropriate imaging and clinical 
examination). Tapering of immunosuppression also had no effect 
on fever or serum CRP levels. All patients were, therefore, 
considered unresponsive to the tapering of immunosuppression 
over an 8-day period. 

One patient (patient 12) had been injected with an anti-CD20 
antibody that had no effect on BLPD, 2 months before anti-IL-6 
antibody treatment. In all other patients, no other treatment was 
performed before the initiation of anti-IL-6 mAb antibody therapy. 

Treatment characteristics and tolerance 

Treatment was scheduled to last 15 days. It was completed in 10 
patients, and in the other 2 patients it was stopped early (on day 10 
for patient 4 and on day 13 for patient 7) because of disease 
progression. One patient (patient 2) received a second course of 
anti-IL-6 antibody treatment after a relapse of BLPD. No major 
side effect was observed during any of the 13 courses of anti-IL-6 
antibody treatment. One patient (patient 4) had moderate allergic 
manifestations — erythema on both hands after each anti-IL-6 
antibody injection — that responded to antihistamine treatment. One 
patient (patient 3) had paresthesia on day 2, which then disappeared 
spontaneously. Two patients (patients 2, 9) had moderately high 
levels of arterial blood pressure, which resolved after sublingual 
nifedipine treatment. On day 2, patient 3 was examined for 
hyperkalemia associated with hyperphosphoremia and hypocalce- 
mia, all of which resolved within 1 day. These biochemical 
manifestations were interpreted as a lytic syndrome. 

Pharmacologic data 

As high CRP concentration is known to be an in vivo hallmark of 
high levels of IL-6 synthesis. 56 * 58 We assessed the effects of the 
treatment on CRP and IL-6 levels to determine the pharmacologic 
effects of the anti-IL-6 antibody. High serum CRP concentrations 
were found in 9 of 1 2 patients, and 5 of 9 patients had fever (Table 
1). In all patients, CRP concentration decreased and fever disap- 
peared after treatment, suggesting that systemic IL-6 was neutral- 
ized (Figure 1). CRP normalized within 3 days of the initiation of 
treatment in 7 of these 9 patients, whereas it was necessary to 
double the anti-IL-6 antibody dose on day 3 for 2 patients (patients 
6, 11) even though the initial dose given to these patients was 
0.8 mg/kg. 



As shown in Table 3, serum IL-6 concentration was evaluated in 
8 patients before treatment (after tapering immunosuppression) and 
was found to be elevated in 5 patients. In the 4 patients who 
survived for more than 2 months, IL-6 normalized or decreased 
significantly. Serum IL-6 concentration could not be analyzed 
during or immediately after treatment because of the formation of 
immune complexes between IL-6 and anti-IL-6 antibody that were 
also detected in the ELIS A assay. 

Evaluation of anti-IL-6 antibody treatment on disease outcome 

Twelve patients were treated with 13 courses of anti-IL-6 antibody 
injection. Median follow-up time after treatment was 20 months 
(range, 9-33 months). CR was achieved in 5 patients (patients 1, 3, 
5, 6, 8), 4 months after the initiation of treatment (Table 3). In 
patient 1 , tumor size had decreased by 50% on day 12 of treatment, 
and CR was achieved on day 21. Examination of an endobronchial 
lesion on day 21 showed that no infiltrating tumor cells were 
present. Neither necrosis nor T-cell infiltration was detected. 
Patient 3 presented on day 2 with hyperkalemia associated with 
hyperphosphoremia and hypocalcemia, suggestive of a lytic syn- 
drome. By day 3, the tumor size had decreased, and CR was 
achieved 5 weeks after the initiation of treatment. It was not 
possible to perform an examination of the lesion after CR was 
achieved. In patient 5, tumor size began to decrease 30 days after 
treatment, and CR was achieved 4 months after treatment. Exami- 
nation of the lungs confirmed that infiltrating tumor cells were no 
longer present and that there was no necrosis, nor were there 
infiltrating T cells. In patient 6, tumor reduction was observed 30 
days after treatment, and CR was achieved 2 months after 
treatment. Analysis showed that the infiltrating cells had been 
replaced by severe necrosis. In patient 8, pleuritis had disappeared 
by day 3, and CR was achieved on day 15. No pathologic 
examination was performed. 

None of these patients had a relapse of BLPD. All can be 
considered cured of BLPD. However, 3 of these 5 patients died 10, 
13, and 36 months after treatment because of chronic rejection in 2 
patients and severe liver hilum necrosis in the other, which may be 
considered a sequela of BLPD. Two patients are alive and well 21 
and 33 months, respectively, after anti-IL-6 antibody treatment. 

Partial remission was observed in 3 patients (patients 2, 9, 12). 
In patient 2, pleurisy decreased by the third day after treatment, 
mediastinal nodes were half their size 1 month after treatment, and 
BLPD decreased by approximately 90% only 2 months after 
treatment. However, BLPD relapsed 5 months after treatment. This 
patient received a second course of anti-IL-6 antibody treatment, 
which was ineffective. This patient eventually died of progressive 
disease. In patient 9, a decrease in tumor size became detectable 15 
days after the initiation of treatment. This PR made it possible to 
perform surgery and retransplantation that had not previously been 
feasible. Pathologic examination of the liver showed necrosis of 
80% of the tumor that was infiltrated by T cells and histiocytic 
cells. This patient was alive and well, in complete remission, at the 
21 -month follow-up. In patient 12, a slight decrease in tumor size 
was observed by day 30. Three months later, the tumor decreased 
by 90%. Nine months after treatment, this patient was still in PR 
and had a small persistent lesion in the lung but no associated 
manifestations. Before the anti-IL-6 antibody treatment, this 
patient received a course of anti-CD20 antibody that had no effect 
on BLPD. 

Anti-IL-6 antibody treatment was effective in 8 patients (5 in 
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Table 2. Immunosuppression tapering 



Time from last 
rejection 
episode to 

Treatment of last BLPD onset 
Patient rejection episode (mo) 



IS at BLPD onset 



Reduction of IS 



T-cell count Anti-EBV 

before antibodies 

antML-6 before 

(CD3/|iL) treatment 



Anti-EBV 
antibodies 
after treatment 
(day 30) 



1 3 Pulse steroids 



2 Pulse steroids, ATG, 

OKT3 

3 Pulse steroids 



4 None 

5 3 Pulse steroids 

6 None 

7 ATG 

8 Pulse steroids 

9 None 

10 Pulse steroids 

1 1 None 

12 Pulse steroids 



3 Steroids, CsA, azathioprine 

10 Steroids, CsA 

1 03 Steroids, CsA, azathioprine 

— Steroids, CsA, azathioprine 

1 .5 Steroids, CsA, azathioprine 

— Steroids, FK506 

1 1 Steroids, CsA 

2.5 Steroids, FK506, azathioprine 

— Steroids, CsA 

48 Steroids, CsA, azathioprine 

— Steroids, CsA, mycophenolate 
0.5 Steroids, CsA, azathioprine 



Increase 33% steroids 
Stop azathioprine 
Reduction 50% CsA 
Reduction 50% CsA 



Stop steroids 
Stop azathioprine 



Stop azathioprine 
Reduction 50% CsA 

Stop CsA 

Stop azathioprine 

Stop FK506 



Reduction 50% steroids 
Reduction 50% CsA 

Stop azathioprine 
Stop FK506 



Stop CsA 



Stop CsA 

Stop azathioprine 

Reduction 50% steroids 

Stop CsA 
Reduction 50% 

mycophenolate 
Stop CsA 
Stop azathioprine 



660 



ND 



ND 



227 



1 074 



309 



ND 



187 



322 



ND 



ND 



840 



IgM VCA- 
IgG VCA + 
IgG EBNA- 
IgM VCA" 
IgG VCA + 
IgG EBNA + 
IgM VCA" 
IgG VCA + 
IgG EBNA- 
IgG EA + 
IgM VCA + 
IgG VCA ++ 
IgG EBNA" 
IgG VCA" 



IgM VCA- 
IgG VCA + 
IgG EBNA- 
IgM VCA" 
IgG VCA + 
IgG EBNA ++ 
IgM VCA- 
IgG VCA + 
IgG EBNA- 
IgG EA" 
ND 



IgG VCA- 



IS. immunosuppression; CsA, cyclosporin A; ATG, antithymoglobulin. 



IgM VCA" 


IgM VCA" 


IgG VCA + 


IgG VCA + 


IgG EBNA+ 


IgG EBNA+ 


IgM VCA" 


IgM VCA- 


IgG VCA+ 


IgG VCA + 


IgG EBNA + 


IgG EBNA + 


IgM VCA" 


IgM VCA" 


IgG VCA + 


IgG VCA ++ 


IgG EBNA + 


IgG EBNA ++ 


IgM VCA" 


IgM VCA" 


IgG VCA- 


IgG VCA ++ 


IgG EBNA +++ 


IgG EBNA +++ 


IgG EA ++ 


IgG EA + 


IgM VCA" 


ND 


IgG VCA + 




IgG EBNA + 




IgG EA ++ 




IgM VCA + 


IgM VCA +++ 


IgG VCA + 


IgG VCA +++ 


IgG EBNA+ 


IgG EBNA +++ 


IgM VCA" 


IgM VCA- 


IgG VCA + 


IgG VCA- 


IgG EBNA- 


IgG EBNA- 


IgG EA + 


IgG EA:ND 



CRP Temperature (°C) 




Days after antML-6 antibody treatment 

Figure 1. Evolution of CRP levels and fevers after antML-6 antibody treatment. 

Asterisks indicate patients in whom the absence of CRP level normalization on day 3 
led to a 2-fold increase in the anti-IL-6 treatment dose. 



CR, 3 in PR). The reintroduction of highly aggressive immunosup- 
pression in 3 of these patients because of episodes of rejection did 
not lead to BLPD relapse. 

Stable disease was observed in one patient (patient ll), who 
was then treated with anti-CD20 antibody, which also failed to 
control BLPD. This patient was then treated by surgery and 
retransplantation and is alive and well, in complete remission, 19 
months after treatment 

In 3 patients, treatment did not prevent disease progression 
(patients 4, 7, 10). Patient 10 died within 1 month because of 
disease progression, despite the use of chemotherapy. In patients 7 
and 10, anti-IL-6 antibody treatment was stopped on days 10 and 
day 13, respectively, because of disease progression, but chemo- 
therapy led to complete remission. These 2 patients are still alive 
and well and in CR 22 and 26 months, respectively, after treatment. 

Anti-IL-6 antibody treatment was effective at controlling 
associated signs of BLPD such as high CRP concentration and 
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Table 3. Effects of antML-6 antibody treatment on BLPD 









Serum IL-6 level 


Serum IL-6 level 60 










Time from transplantation to 


Anti-IL-6 treatment/bolus 


(at day 0) 


days after treatment 


Effect on BLPD 4 mo 






Patient 


BLPD onset (mo) 


(mg/kg) 


(pg/mL) 


(pg/mL) 


after treatment 


General outcome 


Follow-up (mo) 


1 


0 


Mn/D A 

rMO/u.'t 


< 1 


3 


CR 


Died (36 mo) of 
chronic rejection 




0 a* 
c. a 


84 




< 1 


< 1 


PR 


Relapse 




2-b 


90 


No/0.4 


<1 




PD 


Died (7 mo) of 
BLPD 


- 


o 
o 


IUO 


IM0/U.4 


ND 


ND 


CR 


A&W, CR 


33 


4 


60 


Yes/0.4 


ND 


ND 


PD 


Anti-IL-6 antibody 
treatment failure 
A&W, CR after 
chemotherapy 


26 


c 
0 


2 


TeS/U.4 


9 


< 1 


CR 


Died (10 mo) of 
chronic rejection 




6 


6 


Yes/0.8 


13 


< 1 


CR 


Died (13 mo) of 
liver hilum 
necrosis 


- 


7 


156 


Yes/0.8 


< 1 


ND 


PD 


Failed anti-IL-6 
antibody 
treatment, 
A&W, CR after 
chemotherapy 


22 


8 


3.5 


Yes/0.8 


58 


15 


CR 


A&W, On 


21 


9 


3.5 


Yes/0.8 


46 


< 1 


PR 


A&W, CR after 
surgery and 
retransplantation 


21 


10 


84 


Yes/0.8 


15 




PD 


Died (1 mo) of 
BLPD 




11 


5 


Yes/0.8 


ND 


ND 


SD 


Anti-IL-6 antibody 
treatment 
failure, A&W, 
CR after surgery 


19 


12 


1 


Yes/0.8 


ND 


ND 


PR 


A&W, PR 


9 



The sensitivity of ELISAtest for IL-6 is 0.6 pg/mL. Levels indicated as < 1 pg/mL mean that no IL-6 could be detected by this ELISAtest. When measured by this method, 
IL-6 levels in healthy controls were < 1 pg/mL. 
ND indicates not done; A&W, alive and well. 
*2-a and 2-b indicate the first and second course of anti-IL-6 antibody. 



fever. This treatment was also shown to be effective by PCR 
detection of the EBV genome in the blood and the determination of 
serum immunoglobulin concentration by immunofixation. For 7 
patients, the EBV genome was detected in the blood before 
treatment. We were able to evaluate 6 of these patients after 
treatment. The EBV genome was no longer detectable in the blood 
2 to 4 months after treatment in 5 of these 6 patients. Six of 10 
patients with detectable serum monoclonal immunoglobulin com- 
ponents on immunofixation were evaluated after treatment. In 5 of 
them, the monoclonal immunoglobulin components had disap- 
peared. Most of the survivors developed full antibody responses to 
EBV, including anti-EBNA antibodies (Table 2). 

Analysis of factors that might have influenced 
disease outcome 

BLPD characteristics such as clonality, EBV genome detection in 
blood, monoclonal immunoglobulin component, number or local- 
ization of affected sites, and time to BLPD onset and patient 
characteristics such as age, type of transplantation, and type of 
initial disease were tested as possible factors influencing outcome 
after anti-IL-6 antibody treatment. 

The dose of anti-IL-6 antibody given (0.4 ys 0.8 mg/kg) did not 
affect its efficacy (Table 3). Although no firm conclusions can be 
drawn because of the small number of patients, time to BLPD onset 
seemed to be the only factor affecting treatment efficacy. Indeed, 



for the 7 patients in whom BLPD occurred within 6 months of 
transplantation, CR was achieved in 4 patients and PR was 
achieved in 2 patients (Table 4). Conversely, for the 5 patients in 
whom BLPD occurred more than 5 years after BLPD, CR was 
achieved in only one patient and PR in another, who eventually had 
a relapse, whereas the disease progressed in 3. 



Discussion 

In this phase 1-2 clinical trial, 12 patients with BLPD after organ 
transplantation were treated intravenously by daily injections of 0.4 
to 0.8 mg/kg per day of a mouse monoclonal anti-IL-6 antibody 
(B-E8) 51 for 15 days in 10 patients and for 10 and 13 days, 
respectively, in 2 other patients. This antibody has previously been 
used to treat patients with myeloma, 56 B lymphoma related to EBV 
infection in the patients with HIV, 59 Castleman disease, 60 and 
severe rheumatoid arthritis. 61 In all these studies, treatment was 

Table 4. Influence of time to BLPD onset on antWL-6 antibody 



treatment efficacy 



Time to BLPD onset 


n 


CR 


PR 


SD 


PD 


< 6 mo 


7 


4 


2 


1 


0 


>5y 


5 


1 


1* 


0 


3 



*This patient had a relapse; a second cure had no effect (PD). 
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well tolerated. The treatment was also well tolerated in this study, 
and no major side effects were reported for any of the doses of 
anti-IL-6 mAb used. These data suggest that this mAb is safe for 
use in therapeutic trials at doses up to 0.8 mg/kg per day for 
15 days. 

To determine the pharmacologic kinetics of anti-IL-6 mAb 
antibody, we analyzed CRP and IL-6 levels. CRP is produced by 
human hepatocytes in response to IL-6 stimulation 58 and is known 
to be indicative of the presence of high levels of IL-6. 56 " 58 Nine 
patients had high CRP levels. The normalization of serum CRP 
concentration by treatment in all 9 patients suggests that IL-6 was 
systematically neutralized. Two of these 9 patients, both of whom 
received an initial anti-IL-6 antibody dose of 0.8 mg/kg, had 
persistently high CRP levels after 3 days of treatment. The dose of 
anti-IL-6 mAb was therefore increased, resulting in the normaliza- 
tion of CRP concentration. This suggests that CRP determination 
during treatment may be useful for assessing whether a pharmaco- 
logic effect has been achieved. However, CRP concentration was 
not predictive of treatment efficacy. 

Treatment was clinically effective in 8 patients (5 in CR, 3 in 
PR). BLPD relapsed in only one of these 8 patients and then 
became insensitive to treatment. These data indicate that the 
anti-IL-6 mAb may be useful in the treatment of severe BLPD. 

In all cases, prior immunosuppression tapering for an 8-day 
period had no effect on BLPD. However, one could argue that this 
delay is too short and that the observed remissions could be related 
to a delayed effect of immunosuppression reduction. This is 
unlikely because the observed remission rate under immunosuppres- 
sion tapering is generally lower than the one observed in our series 
(8 of 12 patients). Moreover, this 8-day period of immunosuppres- 
sion reduction has been previously proposed as an appropriate 
delay to allow treatment by anti-B-cell monoclonal antibodies. 32 
The efficacy of anti-IL-6 antibody may be similar to that of 
anti-B-cell mAb, as complete remission was achieved in 61% of 
the 58 patients with BLPD treated with anti-B mAbs. 32 Anti-IL-6 
mAb treatment was not effective in 4 patients (1 in SD, 3 in PD). 
However, for 3 of these 4 patients, improvements were achieved 
with another treatment (surgery in 1 patient and chemotherapy in 2 
patients). Thus, the lack of efficacy of the anti-IL-6 mAb did not 
preclude the use of alternative therapies such as surgery and 
chemotherapy. 

These encouraging data require confirmation in a larger group of 
patients, allowing statistical analysis and including patients with post- 
BMT BLPD, which is known to induce a poorer outcome. 32 It may also 
be of value to perform a phase 3 clinical trial in which anti-IL-6 
antibody treatment could be compared to or associated with other forms 
of treatment (eg, anti-CD20 [anti-B cell]) mAbs or cytotoxic T 
lymphocytes in patients who have undergone BMT 12,29 ). 
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Improvement in Castleman's disease by humanized anti-interleukin-6 receptor 
antibody therapy 
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Castleman's disease, an atypical lympho- 
proliferative disorder, can be classified 
into 2 types: hyaline-vascular and plasma 
cell types according to the histologic 
features of the affected lymph nodes. The 
plasma cell type is frequently associated 
with systemic manifestations and is often 
refractory to systemic therapy including 
corticosteroids and chemotherapy, par- 
ticularly in multicentric form. Dysregu- 
lated overproduction of interleukin-6 (IL-6) 
from affected lymph nodes is thought to 
be responsible for the systemic manifes- 
tations of this disease. Therefore, interfer- 
ence with IL-6 signal transduction may 
constitute a new therapeutic strategy for 

Introduction 



this disease. We used humanized anti- 
IL-6 receptor antibody (rhPM-1) to treat 7 
patients with multicentric plasma cell or 
mixed type Castleman's disease. All pa- 
tients had systemic manifestations includ- 
ing secondary amyloidosis in 3. With the 
approval of our institution's ethics com- 
mittee and the consent of the patients, 
they were treated with 50 to 100 mg 
rhPM-1 either once or twice weekly. Immedi- 
ately after administration of rhPM-1 , fever 
and fatigue disappeared, and anemia as 
well as serum levels of C-reactive protein 
(CRP), fibrinogen, and albumin started to 
improve. After 3 months of treatment, 
hypergammaglobulinemia and lymphad- 



enopathy were remarkably alleviated, as 
were renal function abnormalities in pa- 
tients with amyloidosis. Treatment was 
well tolerated with only transient leukope- 
nia. Histopathologic examination revealed 
reduced follicular hyperplasia and vascu- 
larity after rhPM-1 treatment. The patho- 
physiologic significance of IL-6 in Castle- 
man's disease was thus confirmed, and 
blockade of the IL-6 signal by rhPM-1 is 
thought to have potential as a new therapy 
based on the pathophysiologic mecha- 
nism of multicentric Castleman's disease. 
(Blood. 2000;95:56-61) 
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Castleman's disease is a lymphoproliferative disorder with benign 
hyperplastic lymph nodes characterized histologically by follicular 
hyperplasia and capillary proliferation with endothelial hyperpla- 
sia. 1 Castleman's disease has been classified, according to the 
histopathologic findings, as either hyalinevascular or plasma cell 
type. 2,3 Patients with plasma cell type or a mixed hyaline-vascular 
and plasma cell type frequently have systemic manifestations such 
as fever, anemia, hypergammaglobulinemia, hypoalbuminemia, 
and an increase in acute phase proteins. 2 " 4 In cases of localized 
Castleman's disease, these clinical abnormalities may resolve after 
excision of the affected lymph nodes. 3 5 On the other hand, the 
multicentric form of Castleman's disease is often refractory to 
treatment even with corticosteroids or chemotherapy, and conse- 
quently the prognosis for such patients is poor. Infections are a 
common cause of death in multicentric Castleman's disease, as 
well as renal failure and other malignancies including malignant 
lymphoma and Kaposi's sarcoma. 6 Recently, Kaposi's sarcoma- 
associated herpesvirus (also called human herpesvirus type 8, 
KSHV/HHV-8) was reported to be an etiologic agent of Castle- 
man's disease, especially in patients infected with human immuno- 
deficiency virus (HIV). 7 " 9 

Interleukin-6 (IL-6) is a pleiotropic cytokine with a wide range 
of biologic activities, such as support of hematopoiesis, regulation 



of immune responses, and generation of acute phase reactions. 10 
We previously demonstrated the generation of large quantities of 
IL-6 from the germinal centers of hyperplastic lymph nodes of 
patients with plasma cell type Castleman's disease. 5 We also 
showed a correlation between serum IL-6 concentration and 
clinical features, suggesting that dysregulated IL-6 production 
from affected lymph nodes may be responsible for the systemic 
manifestations of this disease. On the basis of these findings, Beck 
et al 11 showed that the in vivo administration of murine anti-IL-6 
monoclonal antibody (mAb) to a patient with Castleman's disease 
seemed to be therapeutically effective, thus confirming the in vivo 
function of IL-6 in this disease. However, such a therapeutic effect 
was transient, because of either the emergence of neutralizing 
human antibodies against murine anti-IL-6 mAb or the inability to 
attain serum concentrations of anti-IL-6 mAb sufficient to neutral- 
ize increasing IL-6 levels. 12 The therapeutic value of murine 
anti-IL-6 mAb for human patients thus remains limited. We 
therefore attempted to block IL-6 signal transduction by using mAb 
against the IL-6 receptor (IL-6R). Furthermore, to be effective as a 
therapeutic agent administered to patients in repeated doses, 
murine anti-IL-6R mAb, PM-1, was engineered to be a human 
antibody by grafting the complimentarity-determining regions 
from the murine anti-IL-6R mAb into human IgG, thereby 



From the Department of Medical Science I, School of Health and Sport 
Sciences, Osaka University, Suita-city, Osaka, Japan; Department of Medicine 
III, Osaka University Medical School, Suita-city, Osaka, Japan; Department of 
Pathology II, Juntendo University School of Medicine, Tokyo, Japan. 

Submitted February 12, 1999; accepted August 9, 1999. 

Supported by grants from the Ministry of Education, Science, Sports and 
Culture of Japan, and from the Osaka Foundation for Promotion of Clinical 
Immunology. 



Reprints: Norihiro Nishimoto, Department of Medical Science I, School of 
Health and Sport Sciences, Osaka University, 2-1 Yamada-oka, Suita-city, 
Osaka 565-0871 Japan; e-mail: norihiro@imed3.med.osaka-u.ac.jp. 

The publication costs of this article were defrayed in part by page charge 
payment. Therefore, and solely to indicate this fact, this article is hereby 
marked "advertisement" in accordance with 18 U.S.C. section 1734. 

© 2000 by The American Society of Hematology 



56 



BLOOD, 1 JANUARY 2000 • VOLUME 95, NUMBER 1 



BLOOD, 1 JANUARY 2000 • VOLUME 95, NUMBER 1 



IMPROVEMENT IN CASTLEMAN'S DISEASE 57 



creating a functioning antigen-binding site in a reshaped human 
antibody, rhPM-1. 13 We used this humanized anti-IL-6R mAb to 
treat 7 patients with the multicentric form of plasma cell or mixed 
type Castleman's disease. 

Patients and methods 

Patients 

Seven patients in Osaka University Hospital were recruited, each of whom 
had lymphadenopathy at multiple sites, mild splenomegaly, and constitu- 
tional symptoms such as fever and fatigue. Laboratory findings included 
anemia, polyclonal hypergammaglobulinemia, hypoalbuminemia, and in- 
creased acute phase proteins. All patients had plasma cell or mixed type 
Castleman's disease, based on histologic examination of the biopsy 
specimens. The clinical characteristics of the patients are shown in Table 1. 
All patients had active disease at the start of anti-IL-6R mAb treatment, and 
4 of them had previously been treated with prednisolone or immunosuppres- 
sive therapy for more than 3 months. Three patients had amyloidosis 
secondary to Castleman's disease, and 5 had lymphocytic interstitial 
pneumonia, based on histologic examination of the lung biopsy specimens. 
None of the patients had autoimmune disorders, such as rheumatoid 
arthritis or Sjogren syndrome, or malignancies. Both HIV and KSHV/ 
HHV-8 were undetectable by serologic assays and polymerase chain 
reaction (PCR). All patients gave their informed consent for the anti-IL-6R 
mAb therapy under the auspices of an approval approved by the ethics 
committee of Osaka University. 

PCR/Southern hybridization and serologic analysis of 
KSHV/HHV-8 

The PCR/Southern hybridization analysis of KSHV/HHV-8 was performed 
as follows. Genomic DNA was extracted from peripheral blood mono- 
nuclear cells or frozen specimens of lymph nodes or both. The DNA 
extracted from peripheral blood mononuclear cells of a Japanese patient 
with acquired immunodeficiency syndrome-Kaposi's sarcoma (AIDS-KS) 
with KSHV/HHV-8 infection was also used as a positive control for 
KSHV/HHV-8. Each 50-uL reaction mixture for PCR contained 0.4 to 0.6 
ug total DNA, 2.5 U Ex Taq DNA polymerase (Takara, Kyoto, Japan), 
dNTP (0.25 mM each), 25 mM TAPS buffer (pH 9.3), 50 mM KC1, 2 mM 
MgCl 2 , 1 mM 2-mercaptoethanol, and the primers (10 pmol each) the 
sequences of which were as follows: outer forward primer: 5'-atggcactcga- 
caagagtatagtgg-3'; outer reverse primer: 5'-cgttagcgtggggaataccaacagg-3' 
(from nucleotide 633 to nucleotide 1552 in KSU 18 551) 14 ; inner forward 
primer: 5'-ctatccaagtgcacactcgctgtcc-3'; inner reverse primer: 5'-ggaaccaag- 
gctgataggatacaaagg-3' (from nucleotide 828 to nucleotide 1288 in KSU 



18 551). The PCR procedure consisted of 1 cycle at 94°C for 2 minutes, 
then 40 cycles at 94°C for 1 minute, at 58°C for 1 minute, and at 72°C for 2 
minutes, and 1 cycle at 72°C extension for 5 minutes with a DNA thermal 
cycler, Gene Amp PCR system 2400® (Perkin Elmer, Norwalk, CT). First, 
the DNA samples were amplified with the pair of outer primers and then 
with the pair of inner primers. The PCR products (10 uL) were then 
electrophoresed in a 2.0% agarose gel containing ethidium bromide and 
visualized with UV light. The PCR products were transferred to a hybond 
N+ (Amersham Inc., Arlington Heights, IL), hybridized with a DIG- 
labeled KSHV/HHV-8 specific probe: 5'-tgttggtgtaccacatctactccaaaatat-3\ 
and colorimetrically detected using a DIG DNA Labeling and Detection Kit 
(Boehringer Mannheim, Germany) in accordance with the manufacturer's 
instructions. 

Immunofluorescence assay was performed as previously described. 15 
Briefly, BCBL-1 cells (10 6 /mL), the body cavity-based lymphoma cell line 
that is latently infected with KSHV/HHV-8 but not Epstein-Barr virus, were 
treated with 20 ng/mL phorbol ester (TPA: Sigma, St. Louis, MO) for 48 
hours to induce the viral lytic antigen. Uninduced and TPA-induced 
BCBL-1 cells were then washed in phosphate-buffered saline (PBS), 
spotted on slides (2 X 10 4 cells/well), air dried in a laminar flow hood, and 
fixed in acetone at -20°C for 10 minutes. All sera from the patients with 
Castleman's disease and the Japanese patient with AIDS-KS were stored at 
-20°C and heat inactivated at 56°C for 30 minutes before use. Fixed cells 
were incubated at 37°C for 30 minutes with human sera serially diluted 1:2 
beginning at 10-fold dilution. After washing rigorously in PBS, the slides 
were incubated with fluorescein isothiocyanate-conjugated goat anti-human 
IgG (Dako, Copenhagen, Denmark) at 37°C for 30 minutes. The slides were 
counterstained with a 1:20 000 dilution of Evan's blue (Sigma) at room 
temperature for 5 minutes, washed, mounted with 50% (vol/vol) glycerol in 
PBS, and examined under a fluorescence microscope. 

Administration of humanized anti-IL-6R mAb, rhPM-1 

Humanized anti-IL-6R mAb, rhPM-1, (IgGl class) was produced in 
Chinese hamster ovary cells and purified on protein A. 13 rhPM-1 retains its 
specificity for natural and recombinant human IL-6R with the same affinity 
as possessed by the original murine anti-IL-6R mAb, PM-1, and inhibits 
IL-6 function both in vitro and in vivo. 13,16 rhPM-1 was dissolved in PBS 
and stored at -20°C until administration. The appropriate amount of 
rhPM-1 was then diluted to a volume of 50 mL in saline and administered 
intravenously over a period of 1 hour only after a skin test using 100 uL of 
the antibody was negative. Increasing doses (1, 10, 50, and 100 mg/patient) 
of rhPM-1 were administered intravenously twice weekly to establish the 
maximal tolerated dose in every patient. The dose of 100 mg/patient was 
chosen as the maximal dose because higher doses exceeded permitted levels 
of contaminating DNA after purification, in compliance with the guideline 
for the manufacture and testing of mAb products for human use suggested 



Table 1 . Clinical profiles of 7 patients with multicentric form of Castleman's disease who received humanized anti-IL-6R Ab therapy 



Patient 


Age/ Sex 


Disease 
Duration* 
(years) 


Histologic 
Diagnosis! 


Complications! 


Total 
Amount of 
Anti-IL-6R Ab 
(mg) 


Number of 
Administrations 


Duration of 
Anti-IL-6R Ab 
Therapy 
(mo) 


Concominant 
Therapyt ' 


Serum IL-6 
Concentration 
Before Therapy 

(pg/mqt 


1 


33/M 


3 


Mixed type 


LIP 


4561 


67 


11 


Pred 10mg 


40.1 


2 


43/F 


1 


Plasma celt type 


LIP 


4060 


46 


10 


(-) 


93.0 


3 


59/F 


1 


Plasma cell type 


Secondary amyloidosis 


1661 


35 


4 


(-) 


44.1 


4 


23/M 


1 


Mixed type 


Secondary amyloidosis LIP 


1860 


25 


4 


(-) 


20.6 


5 


51 /M 


3 


Plasma cell type 


Secondary amyloidosis 


1200 


26 


4§ 


Pred 10 mg 


6.5 


















l-PAM 2 mg 




6 


54/F 


1 


Plasma cell type 


LIP 


660 


15 


2 


Pred 40 mg 


8.4 


















CYC 50 mg 




7 


49/F 


1 


Plasma cell type 


LIP 


410 


10 


1 


Pred 20 mg 


24.5 



'Disease duration is defined as the period since diagnosis. 

tPred indicates prednisolone; CYC, cyclophosphamide; l-PAM, melphalan; mixed type, mixed plasma cell and hyaline vascular type; LIP, lymphocytic interstitial 
pneumonia. 

JNormal range of serum IL-6 is < 1 pg/ml„ 

§The patient received antt-IL-6R antibody therapy for a total of 4 months after a 2-month interval. 
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by the Ministry of Health and Welfare, Japan, although no dose-limiting 
toxicity was observed. Fifty to 100 mg rhPM-1 was then administered either 
once or twice weekly for 5 to 42 weeks as maintenance therapy until 
completion of the study and cessation of rhPM-t production. Total amounts 
of rhPM-1 administered, the number of administrations, and the duration of 
rhPM-1 therapy for each patient are summarized in Table 1 . 

Serum IL-6 and soluble IL-6R (slL-6R) levels 

Serum IL-6 levels were determined with a chemiluminescent enzyme 
immunoassay (CLEIA). 17 The principle of this assay is based on 2-site 
immunometric reverse sandwich reaction with the aid of a Lumipulse 1200 
(Fujirebio Inc., Tokyo, Japan). Briefly, the mixture of the sample and mouse 
anti-IL-6 mAb conjugated with alkaline phosphatase was incubated at 37°C 
for 10 minutes, and then added to particles covalently linked to a murine 
anti-IL-6 mAb that recognizes a different epitope than that recognized by 
the original mAb. After a 10-minute incubation at 37°C, the particles were 
separated magnetically and washed in buffer. Subsequently, the substrate 
solution, 3-(2'-spiroadamantane)-4-methoxy-4-(3"-phosphoryloxy) phe- 
nyl- 1 , 2-dioxetane disodium salt was added at 37°C, and the chemilumines- 
cent signal was photoncounted after 5 minutes. The detection limit for 
serum IL-6 was 0.1 pg/mL. 

sIL-6R was measured by means of a dissociation-enhanced fluoroimmu- 
noassay (DELFIA* Pharmacia, Uppsala, Sweden), as previously de- 
scribed. 18 Briefly, 200 uL of sample was added to microstrips coated with 
200 uL anti-human IL-6R mAb (MT18) (1 ug/mL), and incubated at 4°C, 
followed by a reaction with 200 uL europium-labeled PM-1 mAb (100 
ng/mL) at room temperature for 15 minutes. Fluorescence in each well was 
measured with a 1230 ARCUS fluorometer (Pharmacia). 

Serum rhPM-1 and anti-rhPM-1 antibody levels 

Serum rhPM-1 levels were assessed by enzyme-linked immunosorbent 
assay (ELISA). Briefly, 100 uL recombinant human sIL-6R (1 ug/mL) was 
added to the wells of an immunoplate precoated with MT18 and incubated 
at room temperature for 2 hours. After washing, 100 uL serum was added 
and incubated for additional 2 hours. After washing, bound rhPM-1 was 
measured using alkaline phosphatase-conjugated goat anti-human IgG. The 
calorimetric reaction was measured with a microplate reader. 

Serum anti-rhPM-1 antibody levels were also determined by ELISA. 
Serum was added to the wells coated with 100 uL rhPM-1 (5 ug/mL) and 
incubated for 2 hours. After washing, biotin-conjugated rhPM-1 was added 
and developed with alkaline phosphatase-conjugated to streptavidin. 



Results 

Efficacy of humanized anti-lL-6R mAb, rhPM-1 

Data representative of patients with Castleman's disease treated 
with rhPM-1 are shown in Figure 1. The patient was a 51-year-old 
man who suffered from amyloidosis secondary to Castleman's 
disease (patient 5 in Table 1). His disease was refractory to steroid 
therapy and chemotherapy consisting of melphalan, vincristine, 
and doxorubicin hydrochloride. Immediately after the administra- 
tion of 20 mg rhPM-1, fever and malaise disappeared, whereas 
CRP and fibrinogen started to decrease within 24 hours, but this 
treatment was insufficient to obtain a satisfactory therapeutic effect. 
Treatment with repeated doses of 50 mg rhPM-1 twice a week 
completely normalized serum CRP levels within 4 weeks; 8 weeks 
of therapy was required to increase hemoglobin and albumin levels. 
After 2 months of treatment, hypergammaglobulinemia and lymph- 
adenopathy also improved. Extension of the interval between 
administrations caused a slight increase in CRP and a decrease in 
hemoglobin levels, but constitutional symptoms did not reappear. 
Two weeks after termination of the therapy, fever, malaise, and 
anemia recurred, and treatment with increased doses of predniso- 
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Figure 1. Representative changes in CRP, hemoglobin, and IgG concentrations 
In a patient with multicentric Castleman's disease during treatment with 
anit-IL-6R (rhPM-1). Arrows and shadings indicate the administration of rhPM-1. 
Note that treatment with rhPM-1 improved the clinical abnormalities, but that these 
recurred 2 weeks after the cessation of the rhPM-1 regimen. Readministration of 
rhPM-1 was as effective as the first treatment. 



lone had little effect on his symptoms. Readministration of rhPM- 1 , 
however, was as effective as the first treatment course, evidenced 
by improvements in CRP and hemoglobin levels. The data 
confirmed that the improvement was due to rhPM- 1 therapy but not 
influenced by concomitant therapy. A similar therapeutic effect was 
obtained by treatment with 100 mg rhPM-1 once a week, without 
any significant adverse events. Thus, a total dose of 100 mg rhPM- 1 
per week was determined to be an effective therapy. 

The patterns of response to rhPM- 1 therapy are shown in Figure 
2. Improvements in thrombocytosis, serum levels of CRP, fibrino- 
gen, and serum amyloid A (SAA) protein were observed within 1 
month in most cases, whereas hemoglobin, albumin, and immuno- 
globulin levels more gradually improved over a 3- to 4-month 
period. Two of the 7 patients showed increased levels of IgE 
(patient 2, 5300 IU/mL; patient 7, 650 IU/mL) before treatment, 
which were also reduced by rhPM-1 therapy (1 100 IU/mL and 3 10 
IU/mL, respectively). Autoantibodies (antinuclear antibody, anti- 
DNA antibody) observed in patients 2 and 6 disappeared after 
rhPM-1 therapy. Platelet counts and fibrinogen and immunoglobu- 
lin levels decreased only to the low-normal range. Similar therapeu- 
tic effects were observed in patients both with and without 
concomitant therapy. As a result of decrease in disease activity, it 
was possible to discontinue concomitant therapy in some patients. 
Importantly, these therapeutic effects did not diminish even after 
continuous 11 -month treatment (patient 1). Therapy with rhPM-1 
remarkably improved lymphadenopathy in all patients. Only in 
patient 4 were a few residual lymph nodes palpable, although their 
sizes were significantly reduced by the treatment. Computed 
tomography scanning confirmed the disappearance of pathologi- 
cally significant visceral lymph nodes (> 1 cm in diameter) in all 
patients. During the treatment of patients 3, 4, and 5, who had 
secondary amyloidosis, constitutional symptoms such as appetite 
loss, constipation, and diarrhea (in all 3 patients) gradually 
improved. Bradyphasia and bradypragia, which might not be 
directly caused by the deposition of amyloid in the brain, also 
improved in patient 3. Furthermore, improvements in serum 
creatinine and daily urine protein levels were also observed after 
4-month therapy in patient 3: before treatment, the serum creatinine 
level was 1.8 mg/dL, urine protein 3.1 g/d, serum (3 2 m 7.1 mg/L, 
and urine (3 2 microglobulin 55.5 mg/d; after treatment, the corre- 
sponding values were 1 . 1 mg/dL, 0.9 g/d, 5.3 mg/L, and 7.4 mg/d. 
No major side effects of rhPM-1 therapy were observed, except for 
a transient and mild decrease in granulocyte counts on the day 
following mAb administration in 2 patients, which spontaneously 
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Figure 2. Clinical response patterns in 7 patients treated with rhPM-1. CRP indicates C-reactive protein; Fib, fibrinogen; Alb, albumin; IgG, immunoglobulin G; IgA, 
immunoglobulin A; IgM, immunoglobulin M; WBC, white blood cells; Hb, hemoglobin; Pit, platelets; and SAA, serum amyloid A. 



recovered within 2 days. No decrease in T-cell function was 
observed, assessed either by a skin test with purified protein 
derivative of tuberculin or by a mixed lymphocyte culture test with 
allogeneic T cells. 

Histologic examinations of affected lymph nodes 

Therapy with rhPM-1 remarkably improved lymphadenopathy in 
all patients, and a few small residual lymph nodes remained 
palpable only in patient 4. To examine the histologic changes in the 
affected lymph nodes resulting from rhPM-1 therapy, a cervical 
lymph node that decreased in size on therapy was resected after 3 
months of therapy in patient 4 and compared to pretreatment 
histopathologic appearance. Lymph nodes before rhPM-1 treat- 
ment showed features of a mixed hyaline-vascular and plasma cell 



type: (1) follicular hyperplasia with a large germinal center 
penetrated by branching hyaline blood vessels, (2) concentric 
appearance of mantle zone lymphocytes, and (3) proliferation of 
hyaline capillaries and numerous plasma cells in the interfollicular 
areas (Figure 3 A and C). However, after treatment there was (1) a 
reduction in the size of lymph nodes, (2) a reduction in both the 
number and the size of follicles, resulting in a relative increase in 
the interfollicular areas (Figure 3B), and (3) a reduction in the 
vascularity of germinal centers with residual eosinophilic deposits 
(Figure 3D). However, the number of plasma cells and the extent of 
vascularity in the interfollicular areas did not show significant 
changes (Figure 3B). 

Quantification of these changes was attempted by measuring 
both the longitudinal and transverse diameters of the germinal 



Figure 3. Serial histopathologic changes with rhPM-1 
therapy. Hyperplastic lymph follicle with hyalinous capil- 
lary vessels penetrates into the germinal center before 
rhPM-1 treatment (A and C). Note reduction in both the 
size of lymph follicles and in the vascularity of germinal 
centers with residual eosinophilic deposits after rhPM-1 
therapy (B and D). (Hematoxylin-eosin, A and B, original 
magnification X100; C and D, original magnification 
X400). 
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Figure 4. Changes in longitudinal and transverse diameters of the germinal 
centers. Open circles indicate mean diameters of germinal centers before treatment 
(n = 109) and closed circles indicate those after treatment (n = 15). The points and 
vertical bars indicate mean and SDs, respectively. Both the longitudinal and 
transverse diameters significantly decreased [P< 0.005, P< 0.001 , respectively). 

centers. As shown in Figure 4, both the longitudinal (210 ± 76 |im, 
mean ± SD, n = 109) and transverse diameters (150 + 45 mm, 
n = 109) of the germinal centers before therapy were markedly 
reduced (133 ± 48 mm, and 98 ± 27 mm, n = 15, respectively) 
after therapy (P < 0.005 and P < 0.001, respectively, assessed by 
Mann-Whitney's U test). 

Serum IL-6 and SIL-6R levels 

Serum IL-6 levels did not change essentially, although they showed 
fluctuations unrelated temporally to the rhPM-1 treatment, whereas 
sIL-6R levels increased in the first month after the administration 
of rhPM~l t with peak serum levels of up to 700 ng/mL. Repeated 
administration of rhPM-1 uniformly and rapidly reduced the 
slL-6R levels to normal in all patients. The maximum concentra- 
tions of serum sIL-6R did not increase with rhPM-1 mainten- 
ance therapy. 

Serum rhPM-1 and anti-rhPM-1 antibody levels 

The trough level of serum rhPM-1 was 10 |ig/mL during mainte- 
nance therapy using 50 mg rhPM- 1 twice a week and decreased to 5 
ug/mL using treatment at 100 mg rhPM-1 once a week. Because a 
slight increase in CRP was observed with the latter regimen, the 
former schedule was considered to be more effective. There were 
no differences in responses in terms of constitutional symptoms 
observed between the 2 regimens. Ten |ig/mL rhPM-1 had previ- 
ously been proven to inhibit the IL-6-induced proliferation of 
myeloma/plasmacytoma cells in vitro. 16 

No serum anti-rhPM-1 antibodies were detected during the 
course of therapy of these 7 patients. 



Discussi n 

The clinical course of multicentric Castleman's disease is unpredict- 
able, but the prognosis is generally poor. 4 ' 6 The accompanying 
constitutive inflammatory state may result in complications such as 
pneumonia, amyloidosis, and malignancies, and treatment should 



therefore be introduced as early as possible. Although spontaneous 
remissions are observed in some patients, 4 - 6 in other patients the 
disease is refractory to conventional therapies such as corticoste- 
roids, cytotoxic agents, or radiation. Thus, a new therapeutic 
strategy for multicentric Castleman's disease is needed. 

The present study showed that the humanized anti-IL-6R mAb, 
rhPM-1, can achieve marked responses in the refractory form of 
this disease without significant adverse reactions or development of 
neutralizing antibodies. Furthermore, rhPM-1 therapy also im- 
proved the symptoms and biochemical abnormalities of secondary 
amyloidosis, which is often otherwise untreatable at present, 
although successful therapy to reduce the supply of amyloid fibril 
protein precursors is followed by substantial regression of amy- 
loid. 19 Although re-biopsy of the kidney was not performed after 
rhPM-1 therapy, reduced serum creatinine and urine protein levels 
suggest that rhPM-1 therapy may alleviate renal amyloidosis. In 
addition, rhPM-1 therapy improved the hydronephrosis in patient 3 
who, before therapy, required nephrostomy due to ureterostenosis 
resulting from amyloidosis of the ureter. These findings suggest 
that visceral amyloid deposition in organs may also be reversible, if 
SAA production is inhibited by blocking IL-6 signaling. rhPM-1 
may also reduce the likelihood of malignant lymphoma and 
Kaposi's sarcoma because IL-6 is a potent growth factor for these 
malignancies. 20,21 

The fact that the blockade of the IL-6 signal by humanized 
anti-IL-6R mAb improved the systemic manifestations of Castle- 
man's disease confirms a central role for IL-6 in the pathogenesis of 
this disease. In particular, overproduction of IL-6 causes inflamma- 
tory symptoms, such as low-grade fever and generalized malaise, 
as well as laboratory findings, such as leukocytosis, anemia, 
thrombocytosis, hypergammaglobulinemia, hypoalbuminemia, and 
an increase in CRP, fibrinogen, and SAA levels. The observation 
that elevation in serum IgE levels also resolved provides further 
evidence that IL-6 plays some role in regulating IgE production in 
vivo and supports the view that IL-6 induces differentiation of 
naive T cells into Th2 cells in vitro. 22 Autoantibodies frequently 
observed in this disease also disappeared during rhPM-1 treatment, 
suggesting that IL-6 may also mediate autoimmune phenomena. 

Histologic changes observed in the lymph nodes after treatment 
imply an important pathogenic mechanism of this disease. That is, 
IL-6 may be involved in the follicular hyperplasia of affected 
lymph nodes because blockade of the IL-6 signal reduced both their 
number and size. Because IL-6 is mainly produced by activated B 
cells in the germinal center of lymph follicles, 5,11 an autocrine 
growth mechanism may be mediated by IL-6 in follicular B cells of 
patients with this disease. The disappearance of hyaline capillaries 
in the follicles after treatment with rhPM-1 indicates that IL-6 may 
also play a role in angiogenesis, although it remains to be 
determined whether or not IL-6 acts directly on endothelial cells. 
IL-6 may promote angiogenesis through the induction of other 
factors such as vascular endothelial growth factor, 23 because 
patients with a typical hyaline- vascular variant of Castleman's 
disease do not always show an increase in serum IL-6 levels. 

We have shown the efficacy of humanized antibodies for 
anti-cytokine therapy because no anti-rhPM-1 antibodies were 
detectable, even in the patient who received multiple injections (67 
doses) for 11 months. Klein et al 12 reported that anti-IL-6 mAb 
therapy induced a continuous increase in IL-6 production in vivo, 
and consequently was unable to administer sufficient anti-IL-6 
mAb to neutralize IL-6 activity. A similar phenomenon was 
observed during anti-IL-6R mAb therapy as serum sIL-6R in- 
creased after administration of rhPM- 1 . However, this tendency did 
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not continue, and the highest concentration observed was about 700 
ng/mL t with trough levels of the serum rhPM- 1 concentration of 5 
to 10 ug/mL. Moreover, maximum sIL-6R levels gradually de- 
creased with repeated administrations of rhPM-1 over 2 months. 
This may be the reason the efficacy of humanized anti-IL-6R mAb 
therapy did not diminish over time. On the other hand, serum IL-6 
levels did not change essentially although they showed some 
fluctuations. This is probably because rhPM-1 reacts with IL-6R 
and interferes with IL-6-binding to IL-6R, but does not react with 
IL-6 itself. It may also be the reason a relatively prompt relapse 
occurred (after 2 weeks) when the treatment was stopped. Two 
weeks is consistent with the period when rhPM-1 was detectable in 
blood after termination of the therapy. However, serum IL-6 levels 
may decrease if we continue the treatment further, because 
lymphadenopathy improved during the treatment and a reduction in 
both the number and size of the follicles, which are the main 
sources of IL-6 in this disease, 5,11 was observed in a lymph node. 

Although rhPM-1 therapy improved the symptoms associated 
with Castleman's disease and reduced lymphadenopathy, recur- 
rence of the disease was observed after termination of this therapy. 
Our data indicate that overproduction of IL-6 causes most of the 
abnormalities of Castleman's disease, but the cause of the constitu- 
tive overproduction of IL-6 is at present unknown. This may be due 
to a lack of NF-IL6, resulting from genetic abnormalities, 24 
although familial aggregation has not been reported. Because 
Castleman's disease is frequently associated with HIV infection 6 
and HIV infection also causes overproduction of IL-6, 25 infection 
with a retrovirus may also play a role in pathogenesis. In this 
regard, KSHV/HHV-8 was recently reported to be frequently 
positive in multicentric Castleman's disease, especially in HIV- 
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infected patients. 7 " 9 Because a homologue to human IL-6, viral 
IL-6 (vIL-6), has been identified in the KSHV/HHV-8 genome, 26 - 27 
which retains biologic activities similar to human IL-6, KSHV/ 
HHV-8 is suspected of being involved in the pathogenesis of 
Castleman's disease. Although serologic and PCR assays in our 
patients were negative for HTV and KSHV/HHV-8, infection with 
another organism that can promote IL-6 production might be 
involved in this disease. 

Further studies will be required to identify the etiology of the 
deregulated production of human IL-6 in Castleman's disease. It is 
also necessary to examine the effect of rhPM-1 therapy on IL-6 
gene, steroid-responsive gene, and multidrug-resistant gene expres- 
sion in germinal center cells because incorporation of immuno- 
therapy may cause the emergence of drug resistance as a conse- 
quence of perturbations in intracellular signaling and the population 
kinetics of tumor cell adaptation and selection. Nevertheless, the 
pathophysiologic significance of human IL-6 is confirmed by this 
study because the clinical manifestations of Castleman's disease 
are alleviated by blockade of human IL-6R. The present study, 
therefore, demonstrates a novel and promising therapy, based on 
blockade of IL-6 signaling with a humanized anti-IL-6R antibody, 
which may also be effective for other diseases characterized by 
overproduction of IL-6. 
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Abstract 

Interleukin 6 (IL6) is a pleiotropic cy- 
tokine with a wide range of biological 
activities. IL6 transgene into mice gives 
rise to the abnormalities such as hyper-y- 
globulinaemia, thrombocytosis, infiltra- 
tion of inflammatory cells into the tissues, 
mesangial cell proliferation of the kidney 
as well as splenomegaly and lymphaden- 
opathy, which are predictable by the 
biological functions of IL6 shown in vitro. 
Continuous overproduction of IL6 is ob- 
served in patients with some immune- 
inflammatory diseases such as 
Gastleman's disease and rheumatoid ar- 
thritis that are frequently associated with 
similar abnormalities to those of IL6 
transgenic mice, strongly suggesting the 
involvement of 1L6 in the human diseases. 
Successful treatment of the model ani- 
mals for immune-inflammatory diseases 
with anti-IL6 receptor (IL6R) antibody 
thus indicates the possible application of 
IL6 blocking agents to treat the IL6 related 
immune-inflammatory diseases of hu- 
mans, in this review, the new therapeutic 
strategy for Castleman's disease and RA 
using humanised antibody to human LL6 
receptor, MRA, is discussed. 

{Ann Rhtum Dis 3OO0;59(suppl I):i2 1 -127) 



As each monoclonal antibody grasps a specific 
target antigen epitope, it has been widely used 
as a research device or a diagnostic drug. It was 
also expected as a "magic bullet" to treat can- 
cer patients, but the attempt to apply mono- 
clonal antibodies to treat cancer patients fell 
out of. favour because of the failure caused by 
unexpected toxicity in some clinical trials in die 
late 198ps,' Similarly* clinical trials of several 
antibodies targeted against the blood infection 
sepsis were halted because the treated patients 
were found to be more likely to die than 
untreated patients in the early 1990s, 1 How- 
ever, after accumulation of knowledge about 
the function and distribution of target mol- 
ecules and also after working out new strategies 
to use chimerised or humanised antibodies of 
which varying amounts were replaced with 
human antibody sequences, therapeutic anti- 
bodies have begun to be applied to treat 
patients not only with cancers but also with 
immune-inrlammatory disorders or acute re- 
jection after organ transplantation. Interleukin 
6 (TL6) is a pleiotropic cytokine that regulates 
immunological reactions in host defence, 
inflammation, haematopoiesis, and oncogen- 
esis." J Although 1L6 plays important parts in 
the host immune system, dysregulared over- 



production of IL6 causes unfavourable clinical 
.symptom^ and laboratory findings in the 
patients with immune-inflammatory' diseases. 
In this review, pathological significance of 1L6 
overproduction in immune-inflammatory dis- 
eases and the therapeutic approach by blocking 
IL6 function using humanised aiui-FLo recep- 
tor (1L6R) antibody, MRA, are discussed. 

Rationale for IL6 blocking treatment in 
immune-inflammatory diseases 

FRKIOTKOWC FUNCTIONS OF IL6 

IL6 was originally identified as a B cell 
differentiation factor (8 CDF) in the culture 
supernatants of mitogen or antigen stimulated 
peripheral mononuclear cells, which induced B 
cells to produce immunoglobulin ' * and the 
cDNA encoding human IL6 was cloned in 
1 986." 1L6 was dien proved to be a pleiotropic 
cytokine with a wide range of biological, activi- 
ties (Fig 1) and produced by various types of 
lymphoid and non-lymphoid cells, such as T 
cells, B cellSj monocytes^, fibroblasts, keratino- 
cytes, endothelial cells, mesangial cells, and 
several tumour ceils. 1 In addition to BCDF 
activity, IL6 induces T cell growth and 
cytotoxic T cell differentiation 7 17 through aug- 
mentation of IL2 receptor expression 7 and I.L2 
production.. 1 * IL6 acts synergistically with IL3 
on haematopoiesis to support the formation of 
multi-lineage blast cell colonies,"" 1 * suggesting 
diat it prompts haematopoietic stem cells in the 
G 0 phase to enter into the Gj phase. Further- 
more, IL6 is a patent inducer of terminal mac- 
rophage differentiation and osteoclast differ- 
entiation, 2 ' and also induces platelet 
production by functioning as a megakaryocyte 
.differentiation factor. 1 '"* 1 In the acute phase 
reaction, IL6 stimulates hepatdcytes to pro- 
duce acute phase proteins such as C reactive 
protein (CRPj* fibrinogen, a, antitrypsin^ and 
serum amyloid A (SAA)"' -* while it simultane- 
ously suppresses the albumin production, ,a * 
Leucocyrosis and fever have been found, to be 
the result of in vivo administration of lL6/ : As 
a cell growth factor, TL6 can induce the prolif- 
eration, of mesangial cells,"" epidermal kerati- 
nocytes/" Ml and various tumour cells such as 
plasmacytoma cells," multiple myeloma cells/ -1 
and renal carcinoma cells." 

ABNORMAL FINDINGS OBSERVED IN II.* 
TRANSGENIC M1C1* 

From a -study using IL6 transgenic mice, we 
can learn what kinds of abnormalities IL6 
hyperproduction causes in vivo. Transgenic 
mice were produced by introduction of the 
human 1L6 gene under the transcription 
control of the immunoglobulin u heavy chain 
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enhancer (Eu) into G57BL/6 mice/ 4 Polyclonal 
hype r- v-gl obn 1 inacmi a with massive plasm acy- 
tosis in the spleen and lymph nodes was then 
observed in F41-IL6 transgenic mice (rig 2 S 
table 1), They showed increased levels of 
serum fibrinogen and reduced levels of serum 
albumin as well as an. increased number of 
megakaryocytes in the bone marrow. I.L6 
transgenic mice also showed mesangial cell 
proliferation- in the glomerulus (fig 3A), and 
lymphocyte proliferation with plasma cell infil- 
tration in the interlobular septa and adjacent 
alveolar septa in the lung (fig 3C), and cited 
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within four or five months. These data indicate 
that IL6 can function in vivo in the. same way as 
it does in vitro. Furthermore, these abnormal 
findings may represent 1 some of the features 
observed in human immune-inflammatory dis- 
ease such as Castlemans disease and rheuma- 
toid arthritis (RA). and the patients with active 
disease are always associated with, overproduc- 
tion of TL6 in vivo,'"' w 

ANTHL6R ANTIBODY TREATMENT IN ANIMAL 
MODELS 

The ILoR complex comprises two ..functional 
different membrane proteins: an 80 kDa ligand 
binding chain (IL6.R, 1LGR a-chain, CD 1 26) 
and a 1 30 kDa nun-ligand binding but .signal 
transducing chain .(gpl.30, I.L6R |i-chain, 
CD13Q), I.L6R has a very short intracytoplas- 
mic portion containing only 82 amino acids 
that is not essential for signal transduction. 
IL'6j when bound to either a membrane 
anchored or soluble form of IL6R (slL6R) 5 
induces the homodinterisation of gpl30« re- 
sulting in a high affinity functional receptor/ 1 * 
Therefore', several approaches can be proposal 
to block IL6 signal transduction: (1) inhibition 
Of Ilii production or neutralisation of LL6; (2) 
blockade of J.L6 binding to LL6.R; (3) blockade 
ofTL6/LL6R complex binding to gpl 30; (4) 

Table I Abnormal finding* hi IL6 transgenic mica (C$7 

imj) 

Wutfitocywiiis I'tio cvuicuK of ttwncclonatity} 

'Splenomegaly 

Lymphadenopnthy 

Megakaryocytes- in the b«;>nc marrow 

Mcsangial proliferative glomerulonephritis (Mt'GN) 
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B'gitn* 3 Anti-IL6R amibody trcmmmi mhibired (he devtfapmmi of tncsangtal pwh'firathv gtemrulwicphnm and 
lymphocytic interstitial pmumtmia in IL6 tmnsgtme mica. C57BU6J human II.6 imwgemc mice (igm) were m&td with 
rat antimouse IL&ftatuibady (MRl$-l) similarly to that offigiin 2. Left, kidrtgys and hmtfi-teere mn&veil andfixid twh 
20% nmtwl buffered 'formalin for histological cxammmhih 



blockade of the mtracytoplasmic signal 
through gpl30. We have used anti~IL6R 
antibody to block IL6 signal transduction as a 
therapeutic strategy, This concept was tested in 
animal models: IL6 transgenic mice and colla- 
gen induced arthritic (CIA) mice. 

As we described above, Eu-iL6 transgenic 
mice developed hyper-y-globulinaemia widi 
massive plasma cell infiltration in the spleen 
and lymph nodes. Treatment with rat anti- 
mouse IL6R antibody, MR! 6-1, completely 
inhibited the increase in serum -/-globulin lev- 
els (fig 2) as well as plasm acytosis. The mice 
also suffered from mesangial proliferative 
glomerulonephritis and they started to show 
proteinuria and haematuria at the age of 8-10 
weeks. .MR 16-1 treatment prevented the oc- 
currence of proteinuria and haematuria in the 
mice. It was confirmed by the histological find- 
ings tiaat mice treated hy MR 1 6-1 showed nor- 
mal glomerulus (fig 3B) while untreated mice 
showed mesangial cell proliferation with occlu- 
sion of the glomerular capillaries (fig 3A). The 
IL6 transgenic mice also showed lymphocyte 
infiltration in the many organs and developed 
the. histological feature characteristic to lym- 
phocytic interstitial pneumonia (LIP) in the 
lung (fig 3C). However, MR 16-1 treatment 
completely prevented the pathological change 
of lung (fig 3D). Similarly, all the other abnor- 
malities such as increase in scrum fibrinogen, 
SAA and platelet counts as- well as decrease in 
serum albumin observed in the IL6 transgenic 
mice were ameliorated by the administration of 
MR16-1. 

CIA in DBA/1J mice is an experimental 
arthritis model widely used for the evaluation 
of therapeutic agents for human RA. As inacti- 
vation of the IL6 gene completely protected 
DBA/1J mice from CIA" or it delayed the onset 



of CIA and also reduced the severity/" IL6 
seems to be required for die development of 
CIA. Antimouse 1L6R antibody treatment also 
suppressed the development of arthritis and 
protected knee joints from destructive change 
in DBA/1J mice immunised with bovine type II 
collagen. 1 ' Amounts of 0.5 mg, 2 mg, or 8 mg 
of rat antimouse IL6R antibody, MR 16-1, 
were administered into DBA/ 1 J mice once on 
the day of the first collagen immunisation. "This 
MR1 6-1 treatment prevented the development 
of CIA in a dose dependent manner assessed 
by a visual scoring system for arthritis in four 
limbs. Although MR 1.6-1 treatment on the day 
3 after the immunisation similarly suppressed 
the development of arthritis, anti-arthritis 
effects were not observed when the same dose 
of MR 1 6-1 was administered on the day 7 or 
later. 13 Taken together with the findings that 
treatment of CIA with anti-TN Fu and anti-lLl 
antibodies has been shown to be effective on 
established murine CIA," ,5 IL6 may act earlier 
in the course of CIA than that of TNFh and 
ILK 

As a monoclonal antibody recognises a 
specific antigen epitope, a monoclonal anti- 
body to human antigen epitope docs not always 
cross react with that of other species. The safety 
and ill vivo effect of humanised antihuman 
IL6R antibody, MRA* on the. development of 
CIA were thus examined in eyndmolgus mon- 
keys (Macaca fascicularis) because MRA cross 
reacts with their IL6R 1 * but not with that of 
murine. loint swelling and stiffness as well as 
limb oedema appeared at four weeks after the 
first immunisation with bovine type II collagen 
with complete adjuvant and increased both in 
the number and in the degree up to six to eight 
weeks. Although, the inflammation of joints 
spontaneously decreased, destructive, changes 
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remained in the joints. Intravenous administra- 
tion of MRA (10 mg/kg, once a week) 
significantly inhibited the onset of joint inflam- 
mation as well, as the increase of serum CRP^ 
fibrinogen levels and erythrocyte sedimenta- 
tion rate (ESR) in the monkeys immunised 
with type II collagen. Histological examination 
at 14 weeks revealed that pathological changes 
did not occur in the MRA treated group while 
synovial proliferation, pannus formation, infil- 
tration of neutrophils, angiogenesis, and carti- 
lage and bone destruction were observed in the 
joints of the control group monkeys, most of 
which looked closely like the pathological 
changes of human RA joints. These findings 
clearly demonstrate that MRA prevented the 
development of CIA in cynomolgus monkey 
Furthermore, administration of MRA did not 
affect blood cell* liver,, kidney or heart in die 
cynomolgus monkey. 

These data suggest thai MRA can be a 
therapeutic agent for the treatment of human 
RA. 

PATHOLOGI GAL SIGNIFICANCE OP !L6 IN 
CASTLEMAX'S DISEASE 

Casileman*s disease^ an atypical lymphbpro- 
Hferative disorder, can be classified into two 
types; hyaline-vascular and plasma-cell type 
according to die histological features of the 
affected lymph nodes. '* VJ The latter type is fre- 
quently associated with systemic manifesta- 
tions characterised by chronic inflammatory 
symptoms such as fever, general fatigue, anae- 
mia, an increased ESR, increased levels of CRP 
and fibrinogen: 15 W " M and immunological ab- 
normalities such as polyclonal hypcr-y- 
globulinaemia, and the presence of autoanti- 
bodies. Patients with Castleman's disease 
frequently show lymphocytic interstitial pneu- 
monia' 5 and mesangial proliferative glomeru- 
lonephritis (MPGN), and sometimes develop 
autoimmune haemolytic anaemia as complica- 
tions. Some of these findings resemble those 
seen in the IL6 transgenic mice. In cases of 
localised Castleman's disease, these clinical 
abnormalities may resolve after excision of the 
affected lymph nodes." ,,Jt " w On the other hand, 
the multicentric form of Castleman's disease is 
often refractory to treatment even with corti- 
costeroids or chemotherapyj and consequently 
the prognosis of such patients is poor. There- 
fore, a new therapeutic strategy has been 
required. Recently, Kaposi's sarcoma associ- 
ated herpesvirus (also called human herpesvi- 
rus type 8, KSHV/EHV-8) was reported to be 
an aetiological agent of diis disease, especially 
in human immunodeficiency virus (HIV) 
infected patients. 52 ""* 1 

We previously demonstrated constitutive 
overproduction of IL6 from the germinal cen- 
tres of hyperplastic lymph nodes and a correla- 
tion between serum IL6 levels and clinical 
abnormalities of patients with plasma-cell type 
Castleman's disease. And then we suggested 
that dysregulated 1L6 production from affected 
lymph nodes might be responsible for the sys- 
temic manifestations of this disease/ 1 

Beck ei af* showed that the in vivo adminis- 
tration of murine anti-IL6 neutralising anti- 



body to a patient with Casdeman's disease 
seemed to be therapeutically effective, thus 
confirming the in vivo function of IL6 in this 
disease. However, such a therapeutic effect 
might be transient, either because of the emer- 
gence of neutralising human antibodies against 
murine anti-IL6 antibody or because of the 
inability to attain serum concentrations of 
anti-IL6 monoclonal antibody sufficient to 
neutralise increasing IL6 levels/ 6 Therefore, 
the therapeutic value of murine anti.-IL6 
antibody for human patients remained limited 
and then humanised anti-IL6R antibody treat- 
ment can constitute a new therapeutic strategy 
for patients with multicentric Castleman's dis- 
ease. 

J>ATHQt ? OOICAL SlGSmCAXQE OF IU> IN KA 
RA is a typical immune-inflammatory disease 
characterised by persistent synovitis with syno- 
vial cell proliferatipn and destructive changes 
in bone and cartilage of multiple joints. Emer- 
gence of rheumatoid factors and increase in 
platelet counts j y-glo.hu Hn, CRP, ESR, and 
serum, amyloid A protein levels and decrease in 
serum albumin may be explained by uncon- 
trolled II .6 overproduction/' As IL6 in the 
presence of soluble IL6R activates osteoclasts 
to induce bone absorption in vitro/ 0 and also as 
anti-IL6 antibody treatment prevented the 
osteoporosis in vivo in ovariectomiscd rats, 58 
IL6 may be involved in the osteoporosis and 
bone and cartilage destruction of RA As IL6 
can upregulate the expression of intercellular 
adhesion molecule (IGAMH/* it may recruit 
immunocompetent cells into the inflammatory 
tissues. Large amounts of IL6 were indeed 
observed both in the sera and synovial fluids 
from the affected joints of RA patients.'**' 19 
Taken together, these findings indicate that it is 
probable that. TL6 plays important parts in the 
pathogenesis of RA. Wendling st. al reported 
that the administration of mouse monoclonal 
anti-IL6 antibody to the patients with RA 
resulted in improvement of symptoms and 
laboratory findings of RA although the effects 
were transient/ 11 The fact confirmed that IL6 
plays an important part in this disease. 

Treatment of Castleman's diseases and 
RA with humanised anti-IL6R antibody, 
MRA 

HUMANISED ANTML6R ANTIBOOV 

To be effective as therapeutic agents adminis- 
tered to patients in repeated doses, mouse anti- 
bodies must therefore be engineered to look 
like human antibodies. Reshaped human PM-1 
(rhPMrl) is constructed by grafting the 
complementarity determining regions (CDR) 
from mouse PM-1, a specific monoclonal anti- 
body against human IL6R, into human IgG to 
recreate a properly functioning antigen binding 
site in a reshaped human antibody/ 1 rh'PM- 1 is 
equivalent to both mouse and chimeric PM-1 
in terms of antigen binding and growth inhibi- 
tion of myeloma cells in vitro/ 1 w It looks very 
much like a human antibody and can therefore 
be expected to have less immunogenicity in 
vivo in human. rhPM-1 is now named MRA. 
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We have attempted to inhibit IL6 signal 
transduction by using this humanised antibody 
against the human IL6R. 

TREATMRNT OF CASTLtiMAN'S DISEASE 

We used humanised anti~lL6 receptor anti- 
body, MRA, to treat seven patients with multi- 
centric plasma-cell type or mixed type Castle- 
man's disease," 5 All patients had active disease 
at the start of MRA treatment, and four of 
them had previously been treated with pred- 
nisolone or immune suppressive agents for 
more than three months. Three patients bad 
amyloidosis secondary to Castleman's disease, 
and five had lymphocytic interstitial pneumo- 
nia. Alter obtaining their informed consent and 
an approval of the Ethical Committee of Osaka 
University, 50-10.0 mg of MRA was adminis- 
tered either once or twice weekly. The trough 
level of serum MRA was 10 jug/ml during 
maintenance treatment using 50 mg MRA 
twice, a week, and decreased to 5 ug/ml using 
treatment at 100 mg MRA once a week. There 
were no differences in responses in terms of 
constitutional symptoms observed between the 
two regimens. Ten fig/ml of MRA had previ- 
ously been proved to inhibit the LL6 induced 
proliferation of myeioma/plasmacytoma ceils in 
vitro/~ Treatment was well tolerated except for 
a transient and mild decrease in granulocyte 
counts on the day after MRA administration in 
two patients that spontaneously recovered 
within two days. No decrease in T cell function 
was observed, assessed either by a skin test with 
purified protein derivative of tuberculin or by a 
mixed lymphocyte culture (MLC) test with 
allogeneic T cells. Representative data of the 
MRA treatment for Castleman f s disease are 
shown in figure 4. Immediately after the MRA 
adrmnistration, fever and fatigue disappeared, 
and anaemia as well as serum levels of CRP : 



fibrinogen, SAA and albumin started to 
improve. After three months of treatment, 
hyper-y-globulinaemia and lymphadenopathy 
were also remarkably alleviated,, as were renal 
function abnormalities in patients with amy- 
loidosis. Autoantibodies such as antinuclear 
antibody and anti-DNA antibody disappeared 
after MRA treatment. Histopathologic^! ex- 
amination of lymph nodes revealed- reduction 
in follicular hyperplasia and vascularity after 
MRA treatment. The findings imply an impor- 
tant pathogenic mechanism of 1L6 in the 
follicular hyperplasia of affected lymph nodes 
as well as infiltration of hyaline capillaries -with 
endothelial cell proliferation. These data 
■showed humanised anti-IL6R monoclonal an- 
tibody, MRA, can achieve marked responses in 
the refractory form of this disease without sig- 
nificant adverse reactions or development of 
neutralising antibodies. It also confirmed the 
pathophysiological significance of IL6 in Cas- 
tleman's disease, and blockade of the IL6 signal 
by MRA may have potential as a new treatment 
based on the pathophysiological mechanism of 
multicentric form Castleman's disease. 

TREATMENT OV RA 

Before the clinical trial of humanised anti- 
IL6R antibody, MRA, we compassionately 
treated 1 1 patients with refractory RA by MRA 
after obtaining the permission of ethical 
committee of our institute,* 7 Before MRA 
treatment, they all had active disease resistant 
to any conventional treatment using various 
disease modifying antirheumatic drugs 
(DMARDs) including methotrexate j and corti- 
costeroids. The patients were treated with 
MRA in the same regimen as that for 
Castleman's disease. The treatment was well 
tolerated and no major side effect was observed 
except an appearance of anti-id iotypic anti- 
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body in one case 3 who was therefore with- 
drawn. Two additional patients were with- 
drawn:: one was because of occurrence of 
angina attack the relation of which to MRA 
administration could not be classified, and the 
other was because of her private reasons, A 
transit decrease in neutrophil counts mostly 
within normal range was observed in most of 
the cases on the next day after MRA adminis- 
tration similarly to Castleman's disease pa- 
tients. In the eight patients who received the 
MRA treatment for more than eight weeks, 
both clinical and biological improvement 
appeared during the treatment. Representative 
data of a patient treated with MRA are shown 
in figure 5. At eight weeks, clinical' response 
was 88% assessed by ACR2Q criteria, and 50% 
by ACR50. Similar response was obtained in 
the lour patients who received MRA treatment 
for 24 weeks (unpublished data). These results 
indicate that MRA is relatively safe and useful 
for the treatment of RA. On the basis of our 
data, phase 1/1 1 clinical trial of MRA in Japan 
and phase I trial m the United Kingdom are 
.now in -progress. 
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Conclusion 

Recent progress in the study of immune- 
inflammatory diseases revealed the pathologi- 
cal significance of some proinflammatory 
cytokines in die diseases; In addition, the 
advances in molecular technology made it pos- 
sible to constitute a new strategy to use 
humanised monoclonal antibody to modulate 
the cytokine signals. There are' anu-cytokine 
treatments such as recombinant soluble TNF 
receptor-Fc fusion protein (Etanercepr) l,i for 
RA and chimeric anti-TNFo monoclonal anti- 
body (Infliximab) for RA*** and Crohn's 
disease'" already approved in the USA. ILl 
receptor antagonist, which blocks ILl func- 
tion, and other cytokine inhibitors or even 
anti-infiammatbry cytokine such as IL10 are 
now under evaluation for their safety and 
efficacy. Interference of I.L6 signal transduction 
with a- humanised ami.-IL6 receptor antibodv is 
one of these therapeutic approaches; Each of 
these agents is to be evaluated specifically for 
their long term safety and efficacy for these 
chronic diseases. As many proinflammatory 
cytokines and immunoregulatory cytokines 
seem to play an integral part in the pathogen- 
esis of immune-inflammatory disease, combi- 
nation treatment consisting of some agents 
may be more effective than that of a single 
agent. Studies are necessary to understand the 
intracellular events, such as signal transduction 
.and gene regulation, in the cytokine network 
which physiologically regulates the over- 
function of each cytokine in vivo. 



: i Dickman S. Antibodies stage -a eomcbad; m cmcer 
tramu-m. Sticnce 1 99S;280: 1 !"96»3. 
2 -Kisliimaw T The biologv of intcrfcufcin-6. ftiwd l"W> : 74- 

i jo, ' ■ " 

;i Afcira S, Taga T, Kishimntu. 'I intcricukin-0 in biologv and 
medicine. Adv Immunol 1 ( )9;.i.;54; I --7$, 

* Muraguchi A, KivhunetoT. Miki'T. Kuriiani TV-Kaieda T 
Yoshizafci K, # al< T ceil-rtfpladng incur, (TRI^-indiKcd 
liiC« vzzm jon in human B Mastoid cell Sine and di'monsini* 
lion rtl acceptors for TRF J Immunol 1981;127:412-16 

5 Yoshizalu R, Nakagawa f, Kawda T. 'Muraguchi A; 
Yatmmura Y. Kishimoio T. Induction of proliferation aiid 
Igj-productirti in human- B leukemic cells by ami* 
imniunqjpkjbuJins and T cell factors, f Immunol 1QS2:12K : 
1 206-30 1, • ' 

b Hiraao T. Yasakawa K. Haada H, Taca IV Watanabc Y. 
Matsuda '}, « ah Complementary DKA for a novel human 
intcrlcukm(nsi ; .-3) that induces B eel! Ivmphocvie* to pro- 
duce, immunoglobulin. Nature iy«&;'J24;7.1-6. " 

7 Noma T, Mrauia T, Rosen A. Hirrtno T, Kishinw.to T, Hftnjo 
f. Enhancement of the interfcruMn-2 receptor exptession 
i'<n T cells by multiple B^vmptouroeic lvmphi»kint«- 
Immunol Lett f987j I5;24fl- 51 ' * ' 

S Gkads M : Kitahara M, KishimotoS, Mamida T. Hiram, T. 
KiAbnitno T. BSFOIL-n Kmctiofti a* killer helper fiwinr 
m ihtm vuro induction of cytotoxic, t cells. J Immunol 
1^88: 141: 1543-0. ' 

■9 Geuppcas JL Baroja ML, Lorn; K. Van Damme J. Billiau A. 
Human \ ail activation with phvtttoimagglurinm: the 
S -HJ*J{S68 ?V S 30 3CCeSS<l °' li nminwi 
10 ! c J ( Predricksdn 0, Reis L, Diamaiitsein T, Hiram* T 
kishnnoto X -a -at Ir»i»rtcukin-2^eperidem and 
tmerlcukin-3-independent pathwavs of nsgulation of ihv- 
nuK-yie function by imcrJcukin-6. Pew Nail Acad Sci USA 

i l Um S\, Jirii; V% Kabouridk R, Tsttuftas G, I-flmtw T. KiM- 
ntouj I, « a/. BSI : -2r1L-$ is custimtilant ibr human rhvt-nn- 
q/tcs and 'J* l\Tnphocytes. J Exp Med 1 988; 1 67: 1 2 

1 2 Ictkaj Y, Wmg GG ; Oark'SC, Kurskon" SJ. Herrmann SH. 
lUvtl stimulawry taftor-2 b involved in the diffwraiiniton 
ot cytomxic T lymplUK.Ties. \ Immuiml 1 98R; 1 40:508- P 

U barman RD, Jacob's tOV Clark SC, Eaulet DfL B 
celkinnuJatory factor 2 (fl2 inierfcritnj functions as a sec- 
ond signal for inierlcukin 2 production by matiipc- murine 
T cells, P«ic Kati Acad Sd U5A I *87;8 4:7620 *33; 

M Iktbuchi K, \Vnng. GG, Clark SC, Mile JN. Hirai Yi Ogawa 
M. hu.LTli;ukm-6 enhancement «>f tm?rIeukt»*'S-dcpendent 
proltieratiiMi of multipoiential hemopnietic prdjje'nitort 
r^roc Natl Acad Sci USA 1987:34:9035-9. 

15 Koike ; K, N^fcihaip T, Takiigt M» Kobaynshi "J * Ishiguro A, 
I sum K. t Y v/, Synergism of BSP2/intcrlcukin-6 and 



t27 



mterleukin-3 on development of muhipotemint hf mnpni- 

mss."'" scn,m ** wim <- 1 ** 

Hi Uarv A* fkcbuehi K. Mirai Y, Wong G, -Vang Y-C, Clark S. 
*t al, Synergism be ween imcricukm-6 ami inrerieukino in 
supporting prolitermion of human hematopoietic nm 
ccife campamon with imerl*ukin-.ia. Blood I08B;7I' 

17 Ogmva M- DiUcfouiattoii and proliferation of lwma^ni- 

eacstem cells. Blood t993;Rl:2a44-.-53 ' 
3 H -Stanley HR. Bartocci A, Paimkin D, Roseudaal M. Bradiev 

E R.-Rcgufcmon ef W primitive, multipoint, hemopoietic 

1^ NA.iVletcaif D, Matsumwo M, Johnson'GR. Purifi- 
cation of -a factor inducing differentiation in murine mreltv 
monocytic leukemia cells. Identification as firamiiocvtc 
colony-stimulating factor, J Bio] Chcm I 98 3; '58 7 M 

»s\ toiirj T Udugawa N, TakahasUi N. Mivaura C, Tanaka $! 
>amada V « a/.- Soluble interleukin-6 receptor trhnien 
VS\ ^■imcrlcutin (v Prue Nail Acad Sci 

21 f;hiba*hiT. Kimura H. Shibwa H. Ucbida T, Karivone S. 
Wtrano Human interleukinft is a direct promoter of 
maturation of raegaJearvqc'vtes i.!Vvii.ra. Pme \ati Acad SSci 
USA 1987;80:5953-7, 

22 ■ IshthuKhi T, Kiiriurii H, SKikama Y Uehida T, Karivone S\ 

Hiraijo T, it at. Imerlcukid-tf-ff a potent tbrombopoictic 
taetor in eivo m mice. Blood 1*J89;74:12*IM- 

23 Koike K. Nakahata T. Kitbo T, Kifcuchi T s "takajn At. fchig- 
urn A : , e/ lmcnfcukia-fi .enhances: murim.- mc^ikark.ee- 
idpOKSis in.Mrum-frw culture. Blood i99f);7S-'^o--0i ' 

.4 Cauidic J, Richard* C, Ha'rnfch D, Undsdurp I\ Haumanti 
H. Interferon p2/B cell-stimulacorv factor tvpe 1 'shares 
identity with monocle-derived htpaiocvie simulating fac- 
tor and regulates the major acute phase protein nwome h 
liver- cffHs.Pri.tf Natl. Acad Sci USA [987:84:7251-5 

2> Casteli JV, Gume^Le'ehon M/. David.' M, Hiniho T, 
^shtmotu T, Hemrkh PC, Recombinant human 
marIeukin-6 ai--<i/BS-[-*2;.HFS) reguiares the nvnthesi* of 
J^'^ P^ftww >'n human hepatocyret, FI:HS l.«r 

2f? Andii> T, Grigcr X Hirano T, NnnhofT H> "CrJiiicr U, Bauer 
A -R^^mbiiiam human B ceil sitmulawnf factor 2 
.;BS!--2,L\'H>2) -regulofes- b-i'ibrino^n and albtitnin 
mRNA levels In Fao-9 criL FEBS Lew' 1 9S7j32 i ;18 22. 

27 Ulkh 'i'K, del CaMilio J. Goo KZ'. In viw hanawlogic 
chfcts of recombinant tnterieukift-6 on hematop wests and 
Circuit tint; numbers of'KBCs and VX'RCv rilood l*m«J'7T 
108- 10. 

^ Hp«t ^ Muragudti A, Iwano M, Mat^tda T, Hinvamn T. 
Vamqcia H.-i7 r//, )nwfjv«mcnt of inicrleuktii-i» in nK-wmgwl 
pnVifirflUim .oi g!t>ittcrult>n*phritis, J Immunol |0S9i14^: 

29 Gmsjtman- RM, KrutJger j. Youri^h D. Granelli-PibefnD A. 
Murphy DP, May LT, al Interleuian 6 is expressed in 
high fevels-in psoriasis skin and *rirmilait!& prolilcratton of 
culiured hmitau kt-Tutinucnes. Piuc Nail Acad Sci USA 
1989:86:6367-7 L " 

W Yushisiati K ; N»'ishtra«ut N, MaKumoia K r Taguh H. Tbga T. 
Deguriii Y ; «a a/. I{jiericnkin*6 and it.< rece'piu'r expr^i^n 
on the epidermal kcratirwc^. Cvtokine WVO^'^Sl-iat 

'Si N'wdan RP, Puraphrey ]G t Rudtitoff S. Purification "and- 
NH2-(erminai-j|equence <>f ;t phwroatvioma gnnvth faim 
derived from die murine macrophage ceil line 'P3S8DI I 
IramttnoM987:l39:8!.3-I7. " ' 

52 K^viino M, Hiraw T, Maisuda T, Taga T, llorii Y, lwm> K, 
« n/. AuTocrme gi-neraiiou and requirement of RSF-2:lL-6 
{(.irhuman mulupfe mvclimu^. Nature !98K;33.2'ili-5 

*3 Miki Iwarrn M. Kiiki Y Yauiaraow NLTadg B, Vilhiifewa 
K, ei rt/. Inwrkukin-O-ClL-fi? functions a«j an in vitr^ aiw> 
enne gnwth factor in renal cell -carcinomas. FEBS t^tt 

34 Sncma^u S, Matsuds T» Aoxaw R, Aktra S, Naiann \ 



Ohno S. a a/. IgGl plttsmacyiosis in intcrteukm-6 
transgenic mice. Pme Nail Acad- Sci USA 



51 



i 19SJ%^;7547- 

35 Yosiiixaki K. Matsmia 'iVNishimoto N. Kuritani T. Lee T, 
Ai«asa K. a /. 'P^thogenie signitlcant*; tif intcricukin-o 
UL-ti/bSF-3? m Castkmans disease. Blond ioS*'f74- 

3ti ifeno T, Matsuda T, Turner M Miyasalu K. Buchan G T 
lant; B, *;/ *L Excesstw production of interleukin (VJB cell 
Mrmulatory iaetor-2 in rheumatoid ar thriti*. Hur I Immu- 
nol i.9^:l8':1797--fs0L 

H Hoiissiau IvV De.vogd3er.jp, N'an Damme J.. De.- Detixchai- 
»iea CN, Van $mck J. kuerkukm-O in svhovni! fluid and 
scrum oi patients -with ifcetnnaoind arthritis and other 
mti.tmma^ry arthritis. Arthrifi-; Rheum J98&H-7fi4-8 

3H Sack a Kinne R, Ma™ T, Heppj P Bender S, Emmrich F. 
rntertoiten-b m synwiar fluid K cb^civ as«id;uecl with 
chronic ^vn.ivttis in .rheumatoid arthritis. Rheumatol Ini 
1993^1 3:4 5-5 1. 

i? Madhak R. Gfilly A, VFaispti J, Capell HA. Stem 
tmerlenkm o levels in rheumatoid arthritis: correlation with 
Clinical and laboratory indices of disease activitv Ann 
Rheum Dis 1903j52:'232"-*l. 

40 Murakaim M, H'ibi -M, N'ak^awa \\ Nabguwa T* 
Yisukawa K, Yannvnislii K, a itl IL-'ft-inducerf ho- 
miHlimcrfeatkm of gplliO and anwidated uaivatiim vi a 
tyrosine kinase. Science 1093;260;I$0S~10, 

A\ ;\\Wi\ 'i; !-\mori K, Ijamm I'X Cosra P t Probcn L, KttHiat 
ii. ct ah Imerleukin-6 is a-quircd for the dtVelopoteitE of 
collagen-mduced arthritis.. J BxpAU-d 1 90S; I ^7:461^. 

U hmt M, Sack! Y, Ohshima'S, Nishtob K, Mima T, Thnaka 
T, « fl/. Delayed onset and redttctrd jweritv of c<jliagert- 



induced arthriiis in imerlcukin-O-dcficicm mice. Arthritis, 
Rheum 1 9^42:1 655 : -43 t 
43 M, Mihara M.Moriya Y ; Nishimoto Yoshtseaki K 
Kjshtmow X fj ah Blockage of Jnterlenkin.fv receptor 
amehbrates jdim disease . in murine col1agtn.indut.cd 
arthrms. Arthritis Rheum 1998;4l:2t 17-21. 
U Van Den Berg \\% J<x*ten LAH. MeWcn M, Van De Latu 
KAJ. Amelioration of established murine collagen-induced 
armrim wiA anti-n^l trearmcnt. Ctin Hxp Immunol 
1994:95:237-43. ' 

45 Williams RO, Feldinan Ai. Maini ILN. Anti-tumor necrosis 
taaor.amdiorates joint disease -in murine coliagen-mdticed 
arihritLS-. Proc Nail Acad Sci USA 1 W2'M$lf<^ ' 

46 Minora M, Kmh M\ Oda V, Kumsgai Takagi N, 
f fc-unetm K^/<r^ Anrt-II.-fj receptor antibody suppre^ the 
onset of collagen animus in nionkcvs. Arthritis Rheum 

. I997;40;SI31 

47 Castlcman'B, Iverson UMencndcaVP. Utcah'swd mcdiasri- 
-?ar 5 ^ f e hype,,pta!?ia reSeil3bi N fJivmoma. Cancer 

48 t-lendrig JA. Sdtillings PHM. Benign giant ivroplmma* The 
dimcii] signs find s\*tipion». FtiHa Med NeeH 19(j^;i2: 

49 Keller AK, Hoehholwr L,. CasUentan B. Hvaline-vnscubr 
and plasma-cell types of giant iymph node hyperplasia of 
die mediastinum and othci: focauom. : Cancer I97 < >:'»9- 
t>70-#3. 

50- Kriwera G; Peterson BA. fiayrd Iti'X (.n>ldm:in A. A ^temic 
lymplinpiolifCrativc disorder wjUi nuwphnU^c features of 
CastlemanS- disease: clinical findings and clirricop^iJioKwic 
c»rreianun«i in 15 patients, J Gin Oncol 1965:3:1 

5 1 Johkoh - T. Mfillcr NL 1 ehikadv K, Nrehinww N% Ytwb iraki 
K, Honda .,0, nai Intathoracic multicentric Castleman's' 
disease CT finding in 12 patients. Radiology 1998;209: 
■4/7"SL 

52 -Soulier- J, Groiier X„ OioEenhendJer H : GacoubJ', Caals- 
■ Hateni D, Babmet l\ a al Kapv^ sarcoma-associated 

herpesvinis-Hke DNA- «equenre» in multieentric'GpMk- 
maii's diiiea.sc. fiiood j 993*6: 1276-80. 
5? Dupin Uorip 1, Deleter J, Aauc H, Huraux JM, Hscande 
JP V « a'. Mcrpes-lilcc DN.A sequences-, AIDS-reiated 
tumors, and' Cattleman's disease.' N Efttil 1 Wctl 1995;3^3' 
798 9. 

54 Gessain A.-Sudaka A, Briere J. Fnuchard N,. Nicola MA. Rt*i 
H f t7 Kaposi sarcOTna-assodated herpes-like virus 
(human herpesviruK type DKA sequences in raulticcn- 
fnc Casilema« ; s disease: is there anv rdevsnt associatimi in 
nan-human" immunodcfidence linw-inffapd naticito 
Blood 1 9.96:87:41.+-. 16; ' ' 1 ' 

55 tieckji; Hsu SM, -\tfidenes J, .'BataUie R. Klein B. Vesole IX 
>■/ at. Alleviation of systemic mantfcstaTinns of Casdmiwii's 
disease by monoclonal n'ntHntericiiIan-6 antibody N Fnjd 
j \k'd l994:330;o'02-5; 

56 Klein B. Wiidene* J", Zhang XG. Jourdan M v Boiron JM. 
Broehier J f »r or/. Murine anri-imerieukfti-6 mont^ional 
antibody therapy for a patient with plasma cell leukemia. 
Blood l§9t;78;I19.8~204-: 

57 \bshiKtlci. K, ^ N'ishintoio N. Miliars \\ f Kishimoro T. 
Th.erupy of RA by blocking signal transduction with 
bunanized ari!i-IL-fa receptor anttbixlv. Springer- Semin 
imniimopathol I99fii20j347"? 1 ), 

■>S JiiKa'"Rll 1 llangoc.'G, Girawle G, Passeri G,\Viiliaim DC 
Ah'rams'JS, a at. increased osteoclast development after 
cs iTogen loss: Mcdialion bv. imerleukin-6'- 'Science 199^.' 
.257:88-91, 

59 Yamampto M, Yoshizald K; Kishimow X ho H, 1L-6 h 
required tor the developmem ofilil cell-mtdiated miinne 
colitis. J Inintunol 2000-1 64:4878-4*2, 

60 Wwdling D.. Raeadot K. Wijdcncs I Treat mem nf were 
rheumatoid arthritis byanri-inlerteukin o motiodonaj mti- 
bodyj. Rheumatol 1 99'3j2O:230-62; 

01 Sam K, 'rsuchip M, Saldanbn J. ■Koishihara Y. Dhsugi Y. 

Kishimoto T. n at R^hnjnny a human amihudy to" mhthit 
the interliukin.-6-dependem iun:<»r edUnwUi, Cancer Res 
l993;-53:S51-6. 

02 Nlshimoio N, Ogata A, Shiina Y, Tarii Y. Ogawa f J, 

Nakagawft M, <t al. Onc«.«tatin M, leukemia inhibitory fac' 
ion and imerieukin o induce the proliferation of human 
pliiuniacytoiMji ceils via the common signal transducer 
gp l 30. J £xp Med- W9?i : 1 7<i|: i 34 3-7. 
^ i l in ; ,:,to Sa sai M, Shima Y t Nakagawa M, MatSum^o 
4, Shira) T, c: j/. Improvement in ^astleman's disease bv 
.humancfed auu-lM r^cptor aiuib^v thei-apv. Blood 
2000:95:5^61. 
b4 Moreland l\V. Baumgartner SchilT MH. TindiiH 
'Reishmarui RMi Weaver AL eriif. Treatment of rheuma- 
toid iirtliriris with a recombinant, human tumor necrosis 
^^^^^j 7 ^^"?}-!^ -msion pmtcin. Ni fingl J Med 

65. Elliott MJ, Maini.RN, Feldmann M. Kaldeti j f Antoni C, 
Strtulen J, ct al Randomised doufoie-biind cnmpariii'on of 
Chimeric' morio'clonal antibody to tumour 'necrosis Tactor a 
(cA2J versus placebo in rheumatoid anhritis. lancet 1904; 
344:1 KH-27. 

(}<> fillijjrt Mj. Mnini RN., Feldmann Lm^Fox A, Charles 
P, Rijl H,*t 4 Repeated therapy with mnnoelonal antibody 
to tumor necrosis tactor alpha {cA2J in paiienct with rheu- 
.mato'id arthritis. Lancet 1 994;344: 1 1 25-7. 

67 Taraan SR, -Hanavcr S» van Deucner S, Maver L, Present D. 
Braakman :iVr/ al. A short- term studv of chimeric mono- 
clonal anubody cA2 to tumor necrosis, factor a for Crohn's 
disease. N Ilngt j .Med I «JQ7;337: 1 029-55 " 




I 



Cell, Vol. 98, 597-608, September 3, 1999, Copyright ©1999 by Cell Press 



SOCS1 Is a Critical Inhibitor of Interferon 7 
Signaling and Prevents the Potentially Fatal 
Neonatal Actions of this Cytokine 



Warren S. Alexander,*^ Robyn Starr/til 

Jennifer E. Fenner,* Clare L. Scott,** 

Emanuela Hand man,* Naomi S. Sprigg,*? 

Jason E. Corbin ( *t Ann L. Cornish,** Rima Darwiche,* 

Catherine M. Owczarek,* Thomas W. H. Kay,* 

Nicos A. Nicola,*t Paul J. Hertzog,* Donald Metcalf/t 

and Douglas J. Hilton*T§ 

'The Walter and Eliza Hall Institute of Medical Research 
tThe Cooperative Research Centre for Cellular Growth 

Factors 
PO Royal Melbourne Hospital 
Victoria 3050 
Australia 

* Center For Functional Genomics And Human Disease 
Institute of Reproduction and Development 
Monash Medical Centre 
Victoria 3165 
Australia 



Summary 

Mice lacking suppressor of cytokine signaling-1 (SOCS1) 
develop a complex fatal neonatal disease. In this study, 
SOCSV' mice were shown to exhibit excessive re- 
sponses typical of those induced by interferon 7 (IFN7), 
were hyperresponsive to viral infection, and yielded 
macrophages with an enhanced IFNy-dependent ca- 
pacity to kill L major parasites. The complex disease 
in SOCS1'~ mice was prevented by administration of 
anti-IFN7 antibodies and did not occur in SOCS1'- 
mice also lacking the IFNy gene. Although IFN7 is 
essential for resistance to a variety of infections, the 
potential toxic action of IFNy, particularly in neonatal 
mice, appears to require regulation. Our data indicate 
that SOCS1 is a key modulator of IFN7 action, allowing 
the protective effects of this cytokine to occur without 
the risk of associated pathological responses. 

Introduction 

Resistance to infections is dependent on the coordi- 
nated action of the cytokine network. Key contributions 
are made by interferons (IFN; Billiau, 1996; Boehm et 
al., 1997; De Maeyer and De Maeyer-Guignard, 1998), 
which comprise two broad groups. Type I interferons 
include the closely related forms of IFNa and a single 
form of IFNp, whereas IFIM7 is the sole type II interferon 
(De Maeyer and De Maeyer-Guignard, 1998). The IFNa 
proteins and IFNp are produced by many cell types in 
response to viral infection (De Maeyer and De Maeyer- 
Guignard, 1998). In contrast, IFN7 is produced exclu- 
sively by activated T cells and natural killer (NK) cells 
(Billiau, 1996; Boehm et al., 1997; De Maeyer and De 
Maeyer-Guignard, 1998). IFN7 serves to upregulate ex- 
pression of a wide variety of genes involved in antigen 
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presentation, activation of macrophages, antiviral, and 
antiproliferative responses (reviewed by Tatake and 
Zeff, 1993; Boehm et al., 1997). - 

The major signal transduction pathway initiated by 
interferons has been elucidated by a series of elegant 
biochemical and genetic studies (Darnell et al., 1994; 
Ihle et al., 1994; Schindler and Darnell, 1995; Bach et 
al., 1997; Darnell, 1997; Leonard and O'Shea, 1998). IFN7 
acts by binding to and inducing the multimerization of 
a cell surface receptor composed of the IFNGR1 and 
IFNGR2 chains (Hemmi et al., 1994; Novick et al., 1994). 
This results in juxtaposition of janus kinase 1 (JAK1) 
bound to IFNGR1 and JAK2 bound to IFNGR2, which 
cross-phosphorylate and activate each other (Muller et 
al., 1993a; Watling et al., 1993; Igarashi et al., 1994). 
Activated JAKs phosphorylate tyrosine residues within 
the cytoplasmic domains of the receptor subunits, which 
act as docking sites for signal transducer and activator 
of transcription 1 (STAT1; Greenlund et al., 1994; Heim 
et al., 1995). Phosphorylation of a C-terminal tyrosine 
(Y701) in STAT1 facilitates interaction with the SH2 do- 
main of a second STAT1 molecule, mediating dimeriza- 
tion (Shuai et al., 1994). STAT1 dimers subsequently 
migrate to the nucleus, where they bind to gamma-acti- 
vated sequence (GAS) elements contained within the 
promoters of IFNv-inducible genes (Shuai et al., 1992; 
Muller et al., 1993b), including the genes for inducible 
nitric oxide synthase (iNOS) and the transcription factor 
interferon regulatory factor 1 (IRF1). The increased sus- 
ceptibility to Mycobacteria, Leishmania major, and 
some viruses in mice or humans harboring mutations in 
the genes for IFN7, its receptor, IRF1, or iNOS highlights 
the importance of this pathway in resistance to infection 
(Huang et al., 1993; Matsuyama et al., 1993; Kamijo et 
al., 1994; MacMicking et al., 1995; Durbin et al., 1996; 
Meraz et al., 1996; Newport et al., 1996; Lu et al., 1998). 

The actions of IFN7 are not always beneficial, since 
infections may elicit a host response of sufficient magni- 
tude to become life threatening, for example, morbidity 
associated with Staphylococcus aureus infection and 
the hepatotoxicity associated with hepatitis B infection 
(Billiau and Vandekerckhove, 1991; Ando et al., 1993; 
Matthys et al., 1995). The potentially toxic effects of 
IFN7, including fatty degeneration of the liver, have also 
been demonstrated in experiments in which circulating 
IFN7 levels are experimentally elevated in neonatal mice 
(Gresser, 1 982; Toyonaga et al., 1 994). Regulatory mech- 
anisms must therefore exist to maintain the fine balance 
between beneficial and detrimental responses to IFN7. 
This is achieved in part through the production of in- 
terleukin-4 (IL-4), IL-10, and IL-13, which counteract the 
effects of IFN7 (Paul, 1991; Moore et al., 1993; Zurawski 
and de Vries, 1994), and by negative regulation of IFN7 
signal transduction, for example, by the SH2 domain- 
containing phosphatase SHP1 (Massa and Wu, 1996). 

In vitro studies have also implicated a family of SH2- 
containing proteins, the suppressors of cytokine signal- 
ing (SOCS) proteins, in the negative regulation of cyto- 
kine signal transduction. Of the eight SOCS proteins 
(SOCS1 to 7 and CIS), SOCS1 and SOCS3 appear to be 
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the most potent inhibitors of cytokine signaling (Nichol- 
son et al., 1999). SOCS1 was initially identified in a func- 
tional screen for proteins capable of inhibiting IL-6 sig- 
naling (Starr et al., 1997). Subsequent studies have 
shown that STAT activation in response to many cyto- 
kines results in increased transcription of the SOCS1 
and SOCS3 genes and that, when overexpressed, 
SOCS1 and SOCS3 inhibit the biological effect of cyto- 
kines, including IFNy, that act through the JAK/STAT 
pathway (Wang et al., 1996; Endo et al., 1997; Matsu- 
moto et al., 1997; Naka et al., 1997; Starr et al., 1997; 
Adams et al., 1998; Auernhammer et al., 1998; Bjorbaek 
et al., 1998; Hilton et al. ( 1998; Sakamoto et al., 1998; 
Song and Shuai, 1998; Ito et al., 1999). Consistent with 
the observation that SOCS1 can inhibit the action of a 
broad range of cytokines, SOCS1 appears to bind to all 
four members of the JAK family and inhibit their catalytic 
activity (Endo et al., 1997; Naka et al., 1997; Nicholson 
et al., 1999). These studies have led to the view that 
SOCS1 may be part of a general negative feedback loop 
regulating cytokine action. 

The importance of this regulatory pathway was revealed 
in mice lacking a functional SOCS1 gene (SOCS1~'~ 
mice). These mice die between 2 and 3 weeks of age 
of a disease that involves fatty degeneration and necro- 
sis of the liver, macrophage infiltration of several organs, 
and multiple hematopoietic abnormalities, including se- 
vere lymphopenia (Starr et al., 1 998; Metcalf et al., 1 999). 
In this report, we establish that SOCST 1 ' mice are hy- 
persensitive to IFNy and that the complex multiorgan 
disease and premature death that develops in these 
mice can be prevented by administration of neutralizing 
anti-IFNy antibodies and is absent in mice lacking both 
functional SOCS1 and IFNy genes. We conclude that 
SOCS1 is a critical regulator of cellular sensitivity to 
interferon-^, balancing the beneficial immunological ac- 
tivities with the fatal neonatal effects of this cytokine. 

Results 

Aberrant IFNy Signaling in SOCST'' Mice 
The capacity of SOCS1 to inhibit IFNy signaling in vitro 
(Starr etal., 1997; Sakamoto etal., 1998; Song and Shuai, 
1998) and the observation that administration of this 
cytokine to neonatal mice induces pathology similar to 
that observed in SOCST 1 ' mice (Gresser et al., 1981) 
suggested that the SOCS 7-deficient disease may be 
mediated by IFNy. To directly compare the effects of 
IFNy administration with SOCS1~'~ pathology, neonatal 
C57BL/6 mice were injected daily for 14 days with 3 ^g 
of IFNy. Like SOCST 1 ' mice, the injected mice died 
in the second and third weeks of life, and histological 
examination showed that in addition to hepatic changes, 
their lungs, heart, and pancreas were infiltrated with 
macrophages. Moreover, the hematopoietic abnormali- 
ties observed, including severe lymphopenia and mod- 
erate granulocytosis, were also similar to those seen in 
SOCSr'- mice (data not shown). 

To determine more directly whether IFNy plays a role 
in the development of pathology in SOCST 1 ' mice, we 
examined them for the presence of a dysregulated signal 
transduction response to IFNy. Using an oligonucleotide 
probe capable of binding to STAT1 and STAT3 in electro- 
mobility shift assays, activation of STAT1, a key step in 



IFNy signal transduction, was readily detected in the 
livers of 14-day-old SOCST'* mice but not SOCST'' 
or wild-type mice (Figure 1A). We found, however, no 
evidence of STAT3 activation (Figure 1A; data not 
shown), suggesting that dysregulated signaling medi- 
ated by other inflammatory cytokines such as leukemia 
inhibitory factor (LIF), IL-6, and oncostatin M (OSM) that 
utilize STAT3 was not occurring in SOCST 1 ' animals. 

In addition, expression of mRNA for the IFNy-induc- 
ible genes IRF1 and iNOS was elevated in tissues of 
SOCST 1 ' mice (Figure 1B). Likewise, class I MHC ex- 
pression was markedly elevated in the liver (Figure 1C) 
and in hematopoietic cells, including thymic and splenic 
T cells, bone marrow and splenic B cells, and monocytes 
of SOCST 1 ' mice (Figure 1D and data not shown). Ele- 
vation of class I MHC expression in the thymus, bone 
marrow, and spleen cells was observed at birth, prior 
to the development of overt disease. 

IFNy Is Essential for Disease Development 
and Premature Death in Neonatal 
SOCST' Mice 

To directly assess the role of IFNy in the onset and 
development of disease in SOCST 1 ' mice, three litters 
of mice (29 in total) from SOCST 1 ' parents were injected 
twice weekly from birth with a neutralizing anti-IFNy 
antibody. Only one death occurred (at day 1, of a 
SOCST'' mouse), while the remaining 28 mice re- 
mained in good health and were of normal body weight 
when analyzed at 3 weeks of age (Table 1). Genotyping 
subsequently revealed that six of these mice were ho- 
mozygous SOCS1 mutants, indicating that IFNy was 
absolutely required for the premature death of SOCST'' 
mice (Figures 2 A and 2B). 

At 21 days, anti-IFNy-treated SOCST'' mice were 
compared with moribund 12- to 21 -day-old SOCST 1 ' 
mice and 12- to 21-day-old SOCST'* and SOCST'~ 
mice. Untreated SOCST 1 ' mice showed a uniform se- 
ries of pathological changes (Figure 3; Tables 1 and 2), 
including fatty degeneration and necrosis of liver cells, 
infiltration of the liver, lungs, pancreas, heart, and skin 
with macrophages, and thickening of the skin epithelium 
with keratinization. Untreated SOCST 1 ' mice also ex- 
hibited profound alterations in hematopoiesis and lym- 
phopoiesis with atrophy of the thymic cortex, failure of 
lymphoid follicle development in the spleen, and bone 
marrow lymphopenia (Figures 4A and 4B; Tables 1 and 
2). Remarkably, most organs from anti-IFNy antibody- 
treated SOCST'- mice were normal, the exceptions 
being minor cuffing of lung vessels and persistence of 
erythropoiesis in the spleen (Figure 3; Tables 1 and 2). 
Similarly, hematopoietic abnormalities, including lym- 
phopenia, were also reduced, although not entirely elimi- 
nated (Figure 4; Tables 1 and 2). Protection from disease 
was specifically associated with inhibition of IFNy be- 
cause injection of SOCST 1 ' mice with either anti-IL-6 
or control rat immunoglobulin did not alter the kinetics 
of onset or typical multiorgan nature of the disease (Fig- 
ure 2B). 

Because treatment of SOCST'' mice with anti-IFNy 
antibody did not entirely eliminate disease, we wished 
to determine whether the residual pathology was due 
to the involvement of other cytokines or to the inefficient 
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Figure 1. Experimentally Unmaniputated S0C$1~'~ Mice Show Evidence of an Ongoing Response to IFN-y 

(A) EMSA of extracts of livers from S0CS1 +I ~ mice injected with 2 jjug of IFN7 or untreated S0CS1 +,+ and SOCSV'~ mice. Prior to DNA 
binding, samples were treated, as indicated, with antibodies to either STAT1 or STAT3. 

(B) Northern blot analyses showing mRNA from brain (b), kidney (k), liver (li), lung (lu), spleen (s), and thymus (t) from $0CS1 +,+ and S0CS1~'~ 
mice hybridized with an iNOS probe (upper panel), IRF1 probe (central panel), or GAPDH probe (lower panel). 

(C) Immunohistochemistry showing class I MHC expression in the liver. Liver sections were stained with anti-class I MHC antibody or isotype 
control antibody and a peroxidase-labeled secondary antibody. Sections were counterstained with Giemsa. 

(D) FACS analysis of class I MHC and Mad expression on bone marrow cells from SOCS1 +/+ and S0CS1"'" mice. Cells were stained with 
a biotinylated anti-class I MHC antibody and streptavidin-phycoerythrin followed by an FITC-conjugated anti-Mad antibody and were analyzed 
by flow cytometry. Data shown are representative of at least three independent experiments. 



neutralization of IFN-y. To distinguish between these 
possibilities, we interbred SOCS1 +l ~ and IFNy' 1 ' mice 
to yield animals lacking both SOCS1 and IFIM7. As previ- 
ous studies of IFNy~ } ~ mice have reported no postnatal 
death (Dalton et al., 1993), it was not surprising to ob- 
serve that all SOCS1 +t+ and SOCS1 H ~ mice remained 
healthy irrespective of their IFNy genotype (data not 
shown). All SOCS1~'~ IFNy +t+ mice died or became mor- 
ibund in the second and third weeks of life (Figure 2D), 
and their disease was identical to that of unmaniputated 
SOCST 1 ' mice (Figures 3 and 4; Tables 1 and 2). Con- 
sistent with the antibody administration studies, all 
SOCST 1 ' IFNy' 1 ' mice survived normally to weaning 
age and appeared overtly healthy (Figure 2D). A detailed 
analysis of 12 SOCST 1 " IFNy''' mice at 3 weeks of 
age revealed normal body and organ weight and no 
hematological abnormalities (Figure 4D and Table 1). 
Only 2 of 1 2 mice showed lymphoid cuffing of lung ves- 
sels, and 8 of 12 mice had thymi with an enlarged me- 
dulla but normal cortex (Table 2), neither of which were 
histological features of the typical SOCST 1 ' disease. 
SOCST 1 ' IFNy' 1 ' mice, some of which are now over 6 
months old, have remained uniformly healthy, and both 



males and females have proven fertile. Interestingly, 8 
out of 12 SOCS1~'~ IFNy +l ~ mice became moribund 
between 2 and 12 weeks of age (Figure 2D), while the 
remaining 4 mice were alive after 1 5 weeks and wer 
fertile and healthy. 

Together, these data from IFN7 antibody treatment 
and intercrosses with IFNy' 1 ' mice indicate that the full 
spectrum of disease that results in the postnatal death 
of SOCST 1 ' mice is dependent on the action of IFN7. 

SOCS1 Deficiency Results in 
IFN7 Hyperresponsiveness 
The disease in SOCSV' mice could reflect either an 
intrinsic cellular hypersensitivity to IFN7 and/or the pro- 
duction of elevated amounts of the cytokine. In this 
regard, SOCST 1 ' granulocyte-macrophage progenitor 
cells have been shown to be hypersusceptible to inhibi- 
tion by IFN7 (Metcalf et al., 1999). To further investigat 
these possibilities, the capacity of macrophages grown 
from bone marrow of wild-type or SOCSV 1 ' mice to 
kill the intracellular parasite Leishmania major following 
IFN-y stimulation was determined. Macrophages were 
infected 6 hr after stimulation with various doses of IFN-y 
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Figure 2. Development of Disease in SOCSV'- Mice Is Dependent 
on IFN7 and Occurs in a Germ-Free Environment 

(A) Rapid onset of morbidity of untreated SOCSV' but not 
SOCSV+ or SOCSV'- mice. 

(B) Twice weekly injection of neonatal SOCSV'~ mice with anti- 
IFN7 but not anti-IL-6 or control antibody prevents morbidity. 

(C) Rapid onset of morbidity in SOCSV'- but not SOCSV' + or 
SOCSl + '~ mice born and reared in a germ-free environment. 

(D) Prevention of morbidity in SOCSV 1 ' lFhh(~'~ mice and ameliora- 
tion of morbidity in SOCSV' /F/tfy + '~ mice in comparison with 
SOCSV 1 ' /F/V'+ mice. Seventeen SOCSV'- /F/vy'- mice have 
been examined to date, with twelve animals being sacrificed for 
detailed histological and hematological analysis at 3 weeks of age 
and the remaining five being left for long-term observation. 



effector involved in the intracellular killing f L major 
(data not shown). 

The hyperresponsiveness of cells from SOCSV' 
mice to IFIM7 in vitro was paralleled by an increased 
resistance of SOCSV' mice to viral infection in vivo. 
When 5-day-old mice were infected with Semliki forest 
virus, all SOCSV + and SOCS1 +/ ~ mice died within 2 to 
3 days. However, SOCSV 1 ' mice largely survived this 
early postinfection period and only became ill 3 to 21 
days after viral challenge (Figure 5B). This suggests an 
almost complete resistance to infection, because the 
survival pattern of infected and uninfected SOCSV 1 ' 
mice was similar. 

IFN7 levels in the serum and in media conditioned by 
organs taken from SOCSV 1 ' or control littermate mice 
were investigated using ELISA and/or antiviral assays. 
At a limit of detection of 3 U/ml, we were unable to 
detect IFN7 in serum of mice of either genotype, and 
media conditioned by organs from SOCSV 1 ' mice did 
not reproducibly contain more IFN7 than those from 
their wild-type littermates. 

Neonatal Death of SOCSV'' Mice Occurs 
under Germ-Free Conditions 
Because IFN7 was clearly central to the development 
of disease in SOCSV'~ mice, we were interested to 
determine whether subclinical infection in conventional 
mice might induce increased production of IFN7 and 
precipitate the early neonatal death of SOCSV' mice. 
Three litters of pups produced from the mating of 
SOCSV 1 ' mice were delivered by cesarean section into 
a strictly germ-free environment. As expected, SOCSV + 
and SOCSV 1 ' pups were among the progeny, and these 
were weaned normally and as adults exhibited enlarged 
ceca characteristic of mice in a germ-free environment. 
In contrast, germ-free SOCSV 1 ' pups died during the 
second and third weeks of life, the same age at which 
conventional SOCSV' mice die (Figure 2C). Analyses 
of seven of these moribund germ-free SOCSV 1 ' mice 
revealed that their organ pathology and peripheral blood 
abnormalities were identical to SOCSV' mice raised 
under conventional conditions. 

Discussion 



in the presence of 100 ng/ml lipopolysaccharide. After 
2 hr at all IFN7 concentrations, 30% to 50% of macro- 
phages from both SOCSV* and SOCSV' mice were 
infected, and this percentage persisted for up to 48 hr 
in macrophages of both genotypes in the absence of 
cytokine (Figure 5A). The ability of IFN7 activation to 
enhance macrophage killing of L ma/orwas demonstra- 
ble, because only 1% to 3% of cells from both SOCSV l+ 
and SOCSV 1 ' mice were still infected with live para- 
sites 48 hr after treatment with 10 U/ml of IFN7 (Figure 
5A). Strikingly, although <0.1 U/ml IFN7 had little or no 
effect on killing by SOCSV* macrophages, cells from 
SOCSV' mice maintained efficient killing when stimu- 
lated with as little as 0.01 U/ml IFN7 (Figure 5A), thus 
exhibiting at least 100-fold increased sensitivity to IFN7. 
The hypersensitivity of macrophages from SOCSV' 
mice to IFN7 was confirmed by the demonstration of an 
increased capacity to produce nitric oxide, the major 



SOCS1 Is a Critical Regulator of IFNv-Mediated 
Signal Transduction 

SOCS1 is indispensable for survival beyond the postna- 
tal period. Mice lacking this regulator die before weaning 
from a complex disease characterized by fatty degener- 
ation of the liver, macrophage infiltration of several or- 
gans, and severe lymphopenia (Starr et al., 1998). We 
demonstrate here that this fatal syndrome is associated 
with the specific activation of STAT1 and elevated ex- 
pression of IRF1, iNOS, and class I MHC, strongly im- 
plying that IFN7 signaling pathways are aberrantly active 
in vivo in the absence of SOCS1. Remarkably, all organ 
pathology was eliminated or markedly reduced, and 
death was prevented by treatment of neonatal SOCSV' 
mice with a neutralizing anti-IFN^ antibody. The amelio- 
ration f disease was specific to the inhibition of IFN7 
because treatment of SOCSV 1 ' mice with neutralizing 
anti-IL-6 antibodies or control immunoglobulin had no 
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Figure 3. Prevention of Tissue Pathology in 
SOCS1'~ Mice by Treatment with Anti-IFN7 
Antibody 

Neonatal SOCSV' mice were treated twice 
weekly with either anti-IFNv antibody or con- 
trol antibody. Anti-IFN^ antibody-treated 
mice were healthy at 21 days of age and were 
sacrificed. Control antibody-treated mice de- 
veloped disease between 9 and 16 days of 
age and were sacrificed when moribund. The 
normal histological appearance of organs 
from anti-IFN7 antibody-treated SOCSV' 
mice (right-hand panels) is contrasted with 
the atrophy of the cortex of the thymus, the 
fatty degeneration, hematopoietic infiltration 
and necrosis of the liver, macrophage accu- 
mulation around the bronchi and in the alveo- 
lar walls in the lung, and macrophage infiltra- 
tion and acinar tissue destruction of the 
pancreas observed in SOCS1~'~ mice treated 
with control antibody (left-hand panels). 



protective effect. We were also unable to find any evi- 
dence of dysregulated activation of STAT3 in SOCSV' 
mice, the STAT protein used preferentially by inflamma- 
tory cytokines such as IL-6 and LIF (Ihle et al., 1994). In 
addition, the full spectrum of disease development was 
completely prevented in mice genetically deficient in 
IFNy as well as SOCS1, and a delayed disease devel- 
oped in SOCSV' mice that had only a single functional 
copy of the IFNy gene. The absence of SOCS1 corre- 
lated with marked in vitro hypersensitivity to IFN-y in 
macrophages infected with the intracellular parasite L 
major Hypersensitivity to IFN7 was also observed when 
nitric oxide (NO) production was measured following 
stimulation of macrophages with LPS and IFN-y. Like- 
wise, hematopoietic cells from SOCSV 1 ' mice have also 
been found to be more susceptible to inhibition of prolif- 
eration by IFN7 but normally responsive to most hemato- 
poietic cytokines that also act through the JAK/STAT 
pathway (Metcalf et al., 1999). Together these data 
clearly establish that SOCS1 is an essential physiologi- 
cal regulator of cellular sensitivity to IFN-y signaling. 

Our results do not exclude the possibility that an ele- 
vated production of IFN7 in SOCSV' mice might con- 
tribute to disease development. However, within the sensi- 
tivity of the assays used, as in normal animals, we were 
unable to detect IFN7 in the circulation of SOCS1~'~ mice. 
Media conditioned by organs of SOCSV 1 ' or normal mice 



also displayed no consistent differences in concen- 
trations. Finally, while SOCSV 1 ' IFNy''~ mice have re- 
mained disease free, some SOCSV 1 ' IFNy +t ' mice do 
die with a more slowly developing disease. The delayed 
disease in mice containing only a single functional IFNy 
allele suggests that IFN7 concentrations may be limiting 
in these mice and therefore unlikely to be grossly ele- 
vated in SOCSV'~ mice. IFN-y is thought to be usually 
produced by T cells and NK cells in response to infec- 
tion. Since SOCSV*' mice succumb to disease in 
strictly germ-free conditions, the IFN7 required for dis- 
ease development in SOCSV 1 ' mice might either repre- 
sent basal production or be produced aberrantly. While 
our studies have clearly demonstrated an indispensable 
role for IFN7 in the multiorgan pathology of SOCSV 1 ' 
mice, the source of this cytokine and the identity of 
potential downstream effectors of IFN7 action remain 
to be examined. 



Sp cificity of SOCS1 Action In Vivo 
Previous in vitro data suggested that SOCS1 can directly 
interact with all four members of the J AK family, resulting 
in the inhibition of their catalytic activity (Endo et al., 
1997; Naka et al. r 1997). Consistent with this range of 
action, overexpression of SOCS1 in cell lines inhibited 
signal transduction from a large number of cytokines, 
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Figure 4. Prevention of B Lymphopenia in SOCSV'- Mice by Treat- 
ment with Anti-IFN7 Antibody or Generation of SOCSV'~ /F/Vy"'- 
Mice 

Spleen cells were collected from (A) wild-type mice, (B) SOCSV' 
mice treated with a control antibody, (C) SOCSV'- mice treated 
with anti-IFN7 antibody, and (D) SOCSV'- /FWy-'- mice. Cells were 
stained with anti-B220 antibody and a mixture of anti-IgM and anti- 
IgD antibodies and analyzed by FACS. 



including IFNa, IFNp, IFN7, IL-6, LIF, OSM, thrombopoie- 
tin, growth hormone, and stem cell factor (SCF). More- 
over, each of these cytokines is able to rapidly induce 
the synthesis of SOCS1 mRNA (Endo et al., 1997; Starr 
et al., 1997; Adams et al., 1998; Auernhammer et al., 
1998; Bjorbaek et al., 1998; Sakamoto et al., 1998; Song 
and Shuai, 1998; Ito et al., 1999; De Sepulveda et al., 
1999). 

Given the promiscuity of S0CS1 action in vitro, dis- 
ease in mice lacking this protein might potentially have 
been due to deregulation of signals from a multitude of 
cytokines. Remarkably, however, the full spectrum of 
the complex disease in SOCSV' mice, including liver 
degeneration, hematopoietic infiltration of multiple tis- 
sues, and profound loss of T and B lymphocytes, can 
be attributed to a failure to regulate signal transduction 
by a single cytokine, IFN7. This implies that in contrast 
to its actions in vitro, under physiological conditions 
SOCS1 has no indispensable role in the regulation of 
signal transduction from the majority of cytokines that 
utilize the JAK-STAT pathway. 

As the in vitro studies all involved overexpression of 
SOCS1, it is possible that these approaches overesti- 
mated the breadth of SOCS action, simply because the 
level of SOCS gene expression achieved experimentally 
is likely to be far higher than expression controlled by an 
endogenous promoter. Moreover, ectopic expression 
may also be temporally inappropriate because physio- 
logical transcription of SOCS genes appears to be de- 
pendent on exposure to cytokine, allowing SOCS pro- 
teins to act in vivo only after signaling has commenced. 
However, although it is clear that a lack of SOCS1 causes 



a lethal hypenresponsiveness to IFN7, abnormal re- 
sponses to other cytokines may not be manifested so 
dramatically. Our studies to date suggest that responses 
to most hematopoietic cytokines are not altered in 
SOCSV'- mice (Metcalf et al., 1999). However, the post- 
natal lethality in mice lacking this protein has prevented 
analysis of signaling by these or other cytokines in the 
adult mouse. Clearly, the availability of healthy SOCSV'~ 
IFNy-'- mice will now allow the full spectrum of in vivo 
SOCS1 activity to be definitively resolved. 

Binding of IFN7 to its cell surface receptor triggers 
the activation of JAK1 and JAK2. While in vitro studies 
have shown SOCS1 is able to inhibit the function of both 
these kinases, the biochemical specificity of SOCS1 ac- 
tion in vivo remains to be determined. The inhibition of 
JAK activity by SOCS1 may regulate IFN7 signaling in 
several ways, for example, by determining the threshold 
concentration of IFIM7 capable of triggering a biological 
response or by regulating the magnitude or length of a 
response to a particular concentration of IFN7. Distin- 
guishing between these possibilities will require a care- 
ful comparison of the capacity of different doses of IFN7 
to induce JAK1 and JAK2 activation, IFN7 receptor 
phosphorylation, STAT1 activation, and expression of 
STAT1 -regulated genes in wild-type and SOCS1 -defi- 
cient cells. 

As SOCS1 is a member of a larger family of related 
proteins, it is also feasible that a regulatory role for 
this protein in other cytokine signaling pathways is not 
evident in SOCSV 1 ' mice due to the compensatory ac- 
tions of other SOCS proteins. In vitro studies have clearly 
shown that SOCS1 and SOCS3 have overlapping activi- 
ties, and both molecules are induced by and inhibit the 
actions of a similar spectrum of cytokines when overex- 
pressed (Adams et al., 1 998; Sakamoto et al., 1 998; Song 
and Shuai, 1998; Ito etal., 1999). However, for regulation 
of IFN7 signaling, SOCS1 appears to be considerably 
more active than SOCS3 (Sakamoto et al., 1998; Song 
and Shuai, 1998). Consistent with these in vitro studies, 
the phenotype of SOCSV 1 ' mice reveals key roles for 
SOCS1 in regulating IFN7 responses that cannot be 
compensated by SOCS3 in vivo. Whether SOCS3 also 
acts to regulate a unique set of cytokine signal transduc- 
tion pathways and whether there are other pathways 
regulated by both SOCS1 and SOCS3 under physiologi- 
cal conditions remains to be clarified. 

SOCS1 Balances the Beneficial and Potentially 
Deleterious Actions of IFN7 
The potentially devastating actions of IFN7 in vivo have 
been well established in studies in which IFN7 levels 
have been experimentally elevated (Gresser et al., 1981, 
1987; Gresser, 1982), and these pathologies were faith- 
fully reproduced in mice lacking SOCS1. In addition, 
inappropriate IFN7 production and action is implicated 
in the pathogenesis of disease following certain infec- 
tions. In a mouse transgenic model of hepatitis B, the 
destruction of liver cells and resultant morbidity appears 
to be caused by excess endogenous IFN7 (Ando et al., 
1 993). In other models of infection, however, the actions 
of IFN7 are beneficial (Huang et al., 1993; Newport et 
al., 1 996; Lu et al., 1 998), and this action is also amplified 
in mice lacking SOCS1. SOCS 1 -deficient macrophages 
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Figure 5. Absence of SOCS1 Renders Cells Hyperresponsive to 
IFN7 and Mice Hy persistant to Semliki Forest Virus Infection 

(A) Macrophages from the bone marrow of SOCSP 1+ (filled sym- 
bols) and SOCSr'~ mice (open symbols) were stimulated with 100 
ng/ml LPS and the indicated concentration of IFN7 and infected 
with L major. After 2 hr (circles) and 48 hr (squares), the percentage 
of macrophages containing parasites was determined. 

(B) Mice generated by crossing SOCS1 + '~ mice were infected with 
Semliki forest virus at 5 days of age and monitored. 



stimulated with IFN7 killed intracellular parasites consid- 
erably more efficiently than their wild-type counterparts, 
and SOCSr 1 - mice were more resistant than normal 
mice to Semliki forest virus infection. Clearly, the actions 
of IFN7 in vivo require exquisite control. The data pre- 
sented here establish that SOCS1 is central to the bal- 
ance between the beneficial and potentially harmful ef- 
fects of IFN7. While the behavior of neonatal mice may 
not necessarily predict the occurrence of similar re- 
sponses to overstimulation by IFN7 in humans, these 
observations nevertheless raise the prospect that small 
molecule mimetics or antagonists of SOCS1 might prove 
clinically valuable in enhancing the actions of IFN7 in 
combating viral and parasitic infection or in dampening 
its pathological side effects in other disease states. 

Experimental Procedures 

Generation and Maintenance of Mice and Injection 
of Antibodies, Cytokine, and Virus 

SOCSr'- mice were generated as described previously (Starr et 
al., 1998) and maintained on a mixed 129/Sv and C57BU6 genetic 
background. IFNy 1 ' mice on an inbred C57BU6 background 
(C57BL/6-lfng tr " 1Ts ) were obtained from the Jackson Laboratories via 
Monash University (Dalton et al., 1993). Mice were routinely housed 
in clean but not specific pathogen-free conditions (SPF) at the Walter 
and Eliza Hall Institute of Medical Research. To raise mice under 
germ-free conditions, pups were delivered by cesarean section and 
placed with BALB/c foster mothers that had been maintained in 
germ-free microisolators for several generations. The sterility of this 



environment was monitored closely and tested continually for the 
absence of bacterial organisms and a variety of viral pathogens 

Mice were genotyped by Southern blot analysis of genomic DNA 
obtained from tail tips, as described (Starr et al., 1998). For analysis 
of the SOCS1 gene, genomic DNA was digested with EcoRI and 
filters were probed with a 1.5 kilobase pairs (kbp) EcoRI/Hindlll 
fragment of the mouse SOCS1 gene, which hybridizes to a 5.3 kbp 
band for the wild-type allele and an 8.0 kbp fragment for the null 
allele. For analysis of the /FA/y gene, DNA was cut with BamHI and 
filters were probed with a 450 bp Pstl fragment of the mouse /Frtry 
cDNA that detects a fragment of 11.0 kbp for the wild-type allele 
and 13.0 kbp for the null allele. 

Neonatal mice were injected intraperitoneally twice weekly for up 
to 3 weeks with 16 mg/kg of neutralizing rat anti-IFN 7 antibody (R4- 
6A2; American Type Culture Collection, Manassas, VA), 200 mg/kg 
of an ammonium sulfate-precipitated neutralizing polyclonal rabbit 
anti-IL-6 antisera, as described (Liu et al., 1995), 16 mg/kg control 
purified rat IgG antibody (Sigma Chemical Co., St. Louis, MO), or 
200 mg/kg ammonium sulfate-precipitated preimmune rabbit sera 
and were sacrificed when moribund or at the end of the experiment. 
The efficacy of anti-IL-6 treatment was verified at the end . of the 
experiment by testing serum from injected mice for its capacity to 
inhibit IL-6-induced differentiation of Ml cells. In a titration experi- 
ment, a 1 in 100 dilution of serum from mice injected with the anti- 
IL-6 but not control antibody was found to inhibit 60 ng/ml of IL-6. 

In some experiments, 5-day-old mice were injected intraperitone- 
ally with 50 jri of Semliki forest virus containing 100 times the virus 
dose that kills 50% of fibroblasts in vitro. The mice were monitored 
daily and sacrificed when moribund. 

IFN7 Assays 

IFN7 in serum was assayed using cytopathic effect reduction with 
mouse L929 cells as targets for Semliki forest virus challenge as 
described (Hertzog et al., 1991). A standard cytokine sandwich 
ELISA was also used to quantitate IFN-y in mouse serum and organ- 
conditioned media. IFN-y-specific antibodies (R4-6A2 as the capture 
antibody, XMG1.2 for detection) were obtained from Pharmingen 
(San Diego, CA), and the assay was performed essentially as de- 
scribed by the manufacturer. 

Hematological Analysis, Histology, and Immunohistochemistry 

Hematological analyses were performed as described (Starr et al., 
1998; Metcalfetal., 1999). For histological examination, tissues were 
fixed in 10% (v/v) formalin in phosphate-buffered saline (PBS) and 
sections were prepared and stained by standard techniques (Starr 
et al., 1998). Tissue preparation for immunohistochemistry was car- 
ried out as described (Thomas et al., 1998), and sections were 
stained with a rat anti-mouse class I MHC antibody, 34-1 2S, and a 
peroxidase-labeled secondary antibody. Sections were counter- 
stained with Giemsa (Ozato et al., 1982). 

Culture of Macrophages and Leishmanicidal Assays 
To obtain bone marrow-derived macrophages, femoral bone mar- 
row cells collected in PBS were dispersed, centrifuged, and resus- 
pended in 10 ml Dulbecco's modified Eagle's medium (DM EM) sup- 
plemented with 100 ng/ml murine macrophage colony-stimulating 
factor (M-CSF; Cetus Corporation, Emeryville, CA) and 10% (v/v) 
fetal bovine serum (FBS). After 3 days of culture in a humidified 
incubator at 37°C in 5% (v/v) C0 2 in air, medium and nonadherent 
cells containing an expanded precursor population were resus- 
pended at 10 4 cells/ml and cultured for an additional 5 days in the 
presence of M-CSF, after which a relatively pure and homogeneous 
population of adherent mature bone marrow macrophages were 
present. 

The cloned line of L major LRC-L1 37 V 1 21 has been described in 
detail (Handman, 1983). Promastigotes were grown in Ml 99 medium 
with 10% FBS and were in the stationary phase of growth. Infection 
of macrophages was carried out using a modification of a method 
described previously (Proudfoot et al., 1995). Briefly, 5 x 10 4 bone 
marrow-derived macrophages were transferred onto glass cov- 
erslips in 24-well trays, allowed to adhere for 24 hr, and stimulated 
with 100 ng/ml LPS and various concentrations of IFN7. After 6 hr 
of cytokine stimulation, cells were infected at a ratio of five parasites 
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per cell for 2 hr at 37°C. The free parasites were removed by vigorous 
washing before incubation for a further 24 or 48 hr, after which cells 
were stained with Giemsa. The percentage of macrophages infected 
with parasites was determined at each time point, with at least 400 
cells per sample counted. 

Northern Blots 

Following sacrifice, organs were removed from neonatal wild-type 
and SOCSI-i- mice. Po!yA + mRNA was purified, and Northern blot 
hybridization was performed essentially as described (Alexander et 
al., 1995). Probes used were as follows: a 1.1 kbp Pstl fragment of 
the chicken glyceraldehyde 6-phosphate dehydrogenase (GAPDH) 
cDNA, a 2 kbp EcoRI fragment of the mouse IRF1 gene, and a 1.8 
kbp Ncol fragment of the mouse iNOS cDNA. 

Flow Cytometry 

Single-cell suspensions of femoral bone marrow, thymocytes, and 
splenocytes were prepared and erythrocytes were lysed by incuba- 
tion in 156 mM ammonium chloride (pH 7.3) at 37°C for 3 min. 
The cells were stained with a biotinylated or FITC-conjugated rat 
monoclonal antibody specific for the cell surface markers of interest 
(Class I MHC, CD4, CD8, surface IgM, surface IgD, B220, or Mad), 
followed where necessary by streptavidin-phycoerythrin and ana- 
lyzed by flow cytometry as described (Strasser et al., 1991). 

Electrophoretic Mobility Shift Assays 

Nuclei were extracted from the livers of unmanipulated SOCSV' 
mice and control littermates or from mice 1 5 min after intraperitoneal 
administration of 2 jxg IFN-y (Ruff-Jamison et al., 1993). Electropho- 
retic mobility shift assays (EMSA) were performed on 1-2 ^g of 
nuclear protein using the m67 oligonucleotide probe as described 
(Novak etal., 1995). 
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Ovine genomic DNA was prepared from cell pellets, tail samples of live lambs and 
umbilical cord samples of dead lambs. Southern analysis was carried out by standard 
procedures. Three hybridization probes were used: a 5' internal probe, a 3-kb COL1A1 
Sail, Sspl fragment corresponding to the 5' homologous arm of COLT- 1 and 2 (Fig, 1 ); a 5' 
external probe, a 520-bp ovine COL1A1 fragment directly adjacent to but outside the 5' 
homologous arm; a 3' internal probe, a 0.7-kb COLlAl Sail, Pstl fragment immediately 3' 
of the integration site (Fig. 1). The diagnostic fragments detected were: a 4.7-kb BamUl 
fragment extending across the 5' junction of the targeted locus from a BamHI site within 
the IRES-neo region to a BamHl site in the COLlAl gene 5' of the region contained in the 
vector; a 8.4-kb Kpn\, A$p\ fragment extending across the 3' junction of the targeted locus 
from a Kpn\ site within the vector to an Asp\ site in the COUA 1 gene flank 3' of the region 
contained in the vector. 

Hormonal induction of lactation 

Milk samples were obtained from immature ewes by hormonal induction of lactation, 
essentially as described 25 . 
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Suppressor of cytokine signalling-2 (SOCS-2) is a member of the 
suppressor of cytokine signalling family, a group of related 
proteins implicated in the negative regulation of cytokine action 
through inhibition of the Janus kinase (JAK) signal transducers 
and activators of transcription (STAT) signal-transduction 
pathway 1 . Here we use mice unable to express SOCS-2 to examine 
its function in vivo, SOCS-2 _/ ~ mice grew significantly larger than 
their wild-type littermates. Increased body weight became evident 
after weaning and was associated with significantly increased long 
bone lengths and the proportionate enlargement of most organs. 
Characteristics of deregulated growth hormone and insulin-like 
growth factor-I (IGF-I) signalling, including decreased produc- 
tion of major urinary protein, increased local IGF-I production, 
and collagen accumulation in the dermis, were observed in SOCS- 
2-deficient mice, indicating that SOCS-2 may have an essential 
negative regulatory role in the growth hormone/IGF-I pathway. 

We isolated genomic clones corresponding to three independent 
loci from two murine libraries using a SOCS-2 coding region 
complementary DNA as hybridization probe. Comparison of 
sequence from these clones with that of the SOCS-2 cDNA revealed 
that one locus, which consisted of three exons and two introns, 
encoded the predicted SOCS-2 RNA (Fig. la). The two other loci 



a b 
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SOCS-2^ SOCS-2-'- 



Figure 1 Disruption of the SOCS-2 locus by homologous recombination, a, The functional 
murine SOCS-2 gene (B, BamHl; Nh p A//)d; RV P fcoRV) with the exons containing the 
coding region as shaded boxes. In the targeted allele, the entire SOCS-2 coding region 
was replaced by a p-gal-PGKneo cassette in which the (3-galactosidase coding region 
was fused to the SOCS-2 initiation codon. b, Southern blot of £coRV-digested genomic 
DNA from the tails of mice derived from a cross between S0CS-2 +/ ~ mice. The blot was 
hybridized with the 5' genomic SOCS-2 probe, which distinguishes between endogenous 
(16kb) and mutant SOCS-2 (9 kb) alleles, c, Northern blot showing lack of SOCS-2 
expression in organs of S0CS-2 _/ ~ mice. Top, the blot was hybridized with a coding region 
probe, which detects the 3.4-kb SOCS-2 transcript 1 ; bottom, the integrity of the RNA was 
confirmed by hybridization with GAPDH (1 .4-kb transcript). Sal gl, salivary gland. 
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represented processed or rearranged genes. Only one of these 
additional loci retained an intact SOCS-2 open reading frame, but 
it lacked the upstream region, exon 1 and part of exon 2. No cDNA 
clones corresponding to RNAs expressed from these rearranged loci 
were detected. We constructed a targeting vector for the deletion 
of the two coding exons in the SOCS-2 gene by homologous 
recombination in embryonic stem cells (Fig. la). Chimaeric mice 
were generated from an embryonic stem cell clone bearing the 
targeted locus, and animals lacking one functional SOCS-2 gene 
were bred. Southern blot analysis at weaning revealed that offspring 
of heterozygous parents included mice of each of the three expected 
genotypes (Fig. lb) in approximately mendelian proportions 
(22:51:22 for SOCS-2 +/+ :SOCS-2 +/ -:SOCS-2- / "). Northern blots of 
RNA extracted from a range of organs confirmed that SOCS-2 
transcripts were absent in homozygous mutant mice (Fig. lc). This 
result is consistent with a lack of expression from the alternative 
SOCS-2 loci and confirmed that the SOCS-2 gene had been 
functionally deleted. 

SOCS-2-deficient mice were indistinguishable from their litter- 
mates until weaning at three weeks of age but subsequently grew 
more rapidly (Figs 2a, 3a). SOCS-2 - '" males weighed significantly 
more than their wild-type counterparts at six weeks of age and 
as adults were, on average, 40% heavier. Adult SOCS-2 +/ " males 
exhibited an intermediate body weight (-/-: 36.6 ± 1.0 g; +/-: 



30.8 ± 1.3 g; +/+:27.1 ± 1.6 g, at 12 weeks of age, n = 5-20 mice per 
group). Increased growth was also significant but less marked in 
female SOCS-2" /_ mice (Fig. 2a). Adult SOCS-2" /_ females typically 
attained the weight of wild-type male mice, but heterozygous 
SOCS-2 females were not significantly heavier than sex-matched 
wild-type littermates (-/-: 26.2 ± 1.5 g; +/-: 21.8 ± 0.7 g; +/+: 
20.5 ± 1.4 g, at 12 weeks of age, n = 7-20 mice per group). 

Visual examination and measurement of abdominal fat mass 
indicated that neither male nor female SOCS-2 mice accumulated 
significantly more fatty tissue than wild-type mice. Rather, 
increased body weight in these mice resulted from an increase in 
the weight of most visceral organs (Fig. 2b) of similar magnitude to 
the increase in overall body weight. Sexually dimorphic or male- 
specific organs were not disproportionately enlarged. Carcass 
weight was also increased, indicating that muscle and bone may 
contribute significantly to the increased size of SOCS-2-deficient 
mice. Consistent with this interpretation, the femur, tibia, radius 
and humerus in SOCS-2 - ' - mice were all significantly longer than in 
wild-type controls (Table 1). Body length in male SOCS-2-deficient 
mice was also greater, although tail length was normal (Table 1). 
The mean frequency of hepatic nuclei per 10 high-power fields in 
SOCS-2"'" liver sections was no greater than that in wild-type mice 
(27.3 ± 4.4, n = 4 versus 27.7 ± 2.6, n = 4), and striated muscle cell 
width was normal in the thighs of SOCS-2-deficient animals. Thus, 
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figure 2 Excessive growth of SOCS-2"' - mice, a, Growth curves for male and female 
S0CS-2 +/+ (squares), S0CS-2 +/ ~ (triangles) and SOCS-2"'- (circles) mice. Body weights 
from cohorts of mice weighed at weekly intervals are shown: each point represents mean 
± s.d. for 5-20 mice, b, Percentage increase in body, carcass and organ weights in 



S0CS-2~'~ mice over that determined in age-matched wild-type mice (/?= 7-8 three- 
month-old mice per measurement). Asterisk, measurements from SOCS-2 - '" mice that 
were significantly different from wild-type controls (P< 0,05, Student's f-test). wt, weight; 
mes LM, mesenteric lymph node; sal gland, salivary gland; sem ves, seminal vesicles. 



Table 1 Body, tail and bone lengths in SOCS-2" 7 " mice 



Length (mm) 







Male 






Female 






SOCS-2 +/+ 


SOCS-2 +/ " 


SOCS-2''- 


SOCS-2 +/+ 


SOCS-2 +/ " 


SOCS-2-^" 


Body 

Tail 

Femur 

Tibia 

Radius 

Humerus 


95.0 ±1.9 
88.3 ±1.5 
18.0 ±0.2 
20.0 ±0.2 
12.0 ±0.2 
13.8 ±0.2 


98.8 ±1.6* 
88.7 ±2.1 
18.7 ±0.2* 
20.6 ±0.2* 
12.4±0.2* 
14.410.3* 


107 ±0.9* 
89.2 ±1.5 
19.5 ±0.2* 
20.9 ±0.1* 
12.7 ±0.2* 
15.4 ±0.2' 


90.1 ± 2.1 
84.8±1.4 
17.3 ±0.2 
19.5 ±0.2 
11.610.2 

13.2 + 0.2 


91.3 ±1.2 
88.1 ±1.6 
17.710.2* 
19.910.2* 
11.710.2 
13.710.3* 


100.3 ±2.1* 
88.911.9' 
18.6±0.3* 
20.510.3* 
12.010.2* 
14.610.1* 


*P< 0.005 in Student's M 


est for comparison of st 


jx-matched SOCS^" and SOCS-2 + '~ 


data with SOCS-2 +/+ mice(n = 


6-12). 
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increased organ weights in these mice apparently result from 
elevated cell numbers rather than increased cell size. A similar but 
less pronounced trend was also observed when organ and carcass 
weights and body, tail and bone lengths were assessed in female 
SOCS-2"'" mice (Fig. 2b and Table 1). 

In adult SOCS-2 - ' - mice, most organs appeared histologically 
normal, including the kidney, heart, spleen, thymus, lymph nodes, 
femur, sternum, gonads and bladder. We did, however, observe a 
marked thickening of the dermis associated with excessive collagen 
accumulation in all of seven male, and less prominently in six of 
eight female, SOCS-2"'" mice (Fig. 3b, c). Collagen deposition was 
also increased around the bronchi and vessels of the lungs of six of 
nine male, but only three of ten female, SOCS-2-deficient mice; this 
occasionally also involved some alveolar sacs (Fig. 3d, e). In a 
minority of SOCS-2-deficient animals of both sexes, excess collagen 
accumulation was also observed around occasional hepatic vessels 
and bile ducts, as well as in duct tissue of the salivary glands and 
pancreas. No abnormalities in bone architecture were evident in 
histological sections of adult mice, including the epiphiseal growth 
plates of the femur and tibia. 

SOCS-2 expression can be induced by stimulation of haemo- 
poietic tissues with cytokines 1 . However, a survey of 14 SOCS-2"'" 
mice at 2 months of age did not identify any haematological 
abnormalities. The haemtocrit and numbers of platelets, lympho- 
cytes, monocytes, neutrophils and eosinophils in the peripheral 
blood of SOCS-2"'" mice were normal. The spleen weight and 
cellularity of the femoral bone marrow and the peritoneal cavity 
were increased in SOCS-2-deficient mice, but only in parallel with 
their elevated body weight, and the percentages of morphologically 
identifiable cells in cytocentrifuge preparations of cells from each of 
these sites were normal. Flow cytometric analysis of cells from bone 



A 







Figure 3 Pathology in SOCS-2"'" mice, a, increase in size of a typical two-month-old male 
SOCS-2^" mouse (left) relative to an age- and sex-matched wild-type animal (right), 
b, Van Giessen-stained section of skin from a two-month-old male SOCS-2"'" mouse 
showing dermis thickened by increased collagen deposits, c, Skin of age- and sex- 
matched wild-type mouse. d, Haematoxyltn and eosin-stained section showing collagen 
deposition around a lung vessel in a two month-old male SOCS-2"'" mouse, e, Lung of 
age- and sex-matched wild-type mouse. 



marrow, spleen and thymus, using monoclonal antibodies specific 
for a range of T- and B-lymphoid, myeloid and erythroid markers, 
revealed no consistent perturbations in SOCS-2-deficient mice. 
Similarly, cultures of bone marrow and spleen cells from five 
SOCS-2"'" and five wild- type mice showed similar total colony 
numbers and proportions of colony subtypes when independently 
stimulated by GM-CSF (granulocyte-macrophage colony-stimula- 
tion factor), G-CSF (granulocyte-CSF), M-CSF (macrophage-CSF), 
interleukin (IL)-3, stem cell factor (SCF), IL-6 or Flk-ligand plus 
leukaemia inhibitory factor (LIF) (data not shown). 

As members of the SOCS family can inhibit signals emanating 
from cytokine receptors 2 , an attractive hypothesis for the excess 
growth of SOCS-2" " mice is that SOCS-2 is a negative regulator of 
signalling from growth- promoting cytokines. Growth hormone is a 
key regulator of post-natal growth, acting largely through produc- 
tion of IGF-I (refs 3, 4). The accelerated growth of SOCS-2" 7 " mice, 
beginning at about 3-4 weeks of age, coincides with the upregula- 
tion of tissue growth hormone receptor expression 5,6 , and the excess 
bone growth seen in SOCS-2"'" mice is a specific characteristic of 
growth hormone transgenic mice that is also observed in humans 
with elevated growth hormone 7,8 . However, the adult weights and 
rates of growth in SOCS-2"'" mice more closely resemble those seen 
in IGF-I transgenic mice 7 . The excess collagen deposition observed 
in the dermis of SOCS-2"'" mice is a common characteristic of both 
growth hormone and IGF-I transgenic mice 9,10 , and of humans with 



+/+ 



9 
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Figure 4 Deregulated growth hormone signalling in SOCS-2"'" mice, a, Decreased MUP 
in urine samples from male and female SOCS-2"'" mice, b, RNase protection assays of 
IGF-I expression in tissues of SOCS-2" 7 " mice. In a and b, each lane reperesents a sample 
from an individual SOCS-2^" or age- and sex-matched wild-type mouse, c, Expression of 
IGF-I RNA in tissues of male SOCS-2"'" mice, expressed as a percentage of expression in 
age- and sex-matched wild type mice. Data represents mean ± s.d. for comparison of at 
least four pairs of mice. Asterisk, P< 0.05. 
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excess growth hormone 8 . 

These observations indicated that aspects of growth hormone 
and/or IGF-I signalling might be deregulated in SOCS-2"'" mice. To 
examine the growth hormone/IGF- 1 pathway, we first investigated 
levels of major urinary protein (MUP), a growth hormone pulse- 
dependent product that is downregulated in transgenic mice over- 
expressing growth hormone, where the usual pulsatile pattern of 
growth hormone signalling is disrupted". Consistent with deregu- 
lated growth hormone signalling, there was less MUP in samples of 
urine from each of six male and five female SOCS-2 - '" mice than 
in a similar number of sex-matched wild-type samples (Fig. 4a). 
Production of IGF-I is also stimulated by growth hormone, and, 
consistent with deregulated growth hormone action, RNase protec- 
tion assays revealed increased IGF-I production in several organs 
including the heart, lungs and spleen of SOCS-2"'" mice (Fig. 4b, c). 
Excess production was not, however, evident in the liver, bone, fat or 
muscle. We observed no increase in serum IGF-I concentration in 
SOCS-2"'" mice (male -/-: 278 ± 74 ng ml" 1 ; +/+: 282 ± 45; female 
-/-; 3 10 ± 62; +/+: 298 ± 76; n = 6 mice per group), consistent with 
normal production in the liver, which is the major source of 
circulating IGF-I (refs 12, 13). 

The excess growth in SOCS-2 ~ mice reveals a key physiological 
role for SOCS-2 in the control of postnatal growth by growth 
hormone/IGF-I. SOCS-2 is induced by growth hormone in vitro 
and in vivo and, at least in some tissue culture assays, has a 
concentration-dependent inhibitory effect on growth hormone 
signalling 14 " 16 . Our data provide strong evidence that SOCS-2 is 
an essential negative regulator of growth hormone signalling in vivo, 
and that its absence leads to increased growth, at least in some 
organs, through increased local production of IGF-I. The obser- 
vation that IGF-I production is normal in the livers of SOCS-2 - ' - 
mice supports previous studies in which specific deletion of IGF-I in 
the liver led to low serum concentrations without affecting 
growth 12,13 . This reinforces the emerging model that autocrine/ 
paracrine actions of IGF-I are of paramount importance. The 
absence of elevated IGF-I production in some organs of SOCS-2"' - 
mice may be explained by tissue-specific differences in the induc- 
tion of SOCS genes by growth hormone 16,17 . As other SOCS genes 
can be induced by growth hormone and inhibit its actions, at least 
when overexpressed 15 ' 18,19 , other members of the SOCS family may 
compensate for the loss of SOCS-2 regulation of growth hormone in 
certain tissues, resulting in normal IGF-I transcription 20 . Never- 
theless, as most organs in SOCS-2 - '" mice were enlarged, including 
some in which elevated IGF-I was not detected, our data may 
indicate that SOCS-2 is also indispensable in regulating IGF-I 
signalling itself. Indeed, SOCS-2 has been shown to interact with 
the IGF-I receptor 21,22 . A role for SOCS-2 in regulating both growth 
hormone and IGF-I signalling in organ-specific contexts is consis- 
tent with our observation that SOCS-2 mice exhibit character- 
istics of both growth hormone and IGF-I transgenic mice without 
entirely recapitulating either phenotype. More detailed analyses of 
growth hormone and IGF-I signalling in SOCS-2-deficient mice, as 
well as the precise definition of the temporal and spatial patterns of 
SOCS-2 expression in response to these cytokines, will further 
clarify the role of SOCS-2 in growth control. 

Methods 

Generation of targeted embryonic stem cells and mutant mice 

We used polymerase chain reaction (PCR) to generate a genomic SOCS-2 fragment 
extending -2.0 kilobases (kb) from the protein initiation ATG. This fragment was fused to 
the ATG of (3-galactosidase using the BamHI site in the plasmid vector pPgalpAloxneo 23 . 
The 3' arm, an EcoKl fragment extending 3.7 kb downstream from the termination codon, 
was blunted and ligated into the Xhol (blunted) site of ppgalpAloxneo that already 
contained the 5' arm. This targeting vector was linearized with Noll and electroporated 
into C57BL/6 embryonic stem cells. Transfected cells were selected in G418 and resistant 
clones picked and expanded. We identified clones in which the targeting vector had 
recombined with the endogenous SOCS-2 gene by hybridizing EcoRV-digested genomic 
DNA with a 0.8-kb BamHl-Nhcl fragment situated in the 5' SOCS-2 genomic sequence 



just outside the targeting vector (Fig. 1). This probe distinguished between the endo- 
genous ( 16 kb) and targeted (9 kb) SOCS-2 alleles. A targeted embryonic stem cell clone 
was injected into Balb/c blastocysts to generate chimaeric mice. Male chimaeras were 
mated with C57BL/6 females to yield SOCS-2 heterozygotes, which were interbred to 
produce wild-type (SOCS-2 +y+ ), heterozygous (SOCS-2 +/ ~) and mutant (SOCS-2"'-) mice 
on a pure C57BL/6 genetic background. We determined the genotypes of offspring by 
Southern blot analysis of genomic DNA extracted from tail biopsies. The deletion of the 
SOCS-2 coding sequence and subsequent inability to produce SOCS-2 messenger RNA in 
mutant mice was confirmed in nucleic acid blots performed as described 24 . Northern blots 
were probed with a full-length SOCS-2 coding region probe and then with a 1.2-kb Pst\ 
chicken glyceraldehyde-3-phosphate dehydrogenase (GAPDH) fragment. 

Haematological and histological analyses 

Peripheral blood white cell and platelet counts were determined manually using haemo- 
cytometers. Single-cell suspensions from femoral bone marrow and spleen were prepared, 
and differential counts of peripheral blood, bone marrow and spleen were performed from 
stained smears and cytocentrifuge preparations. Clonal cultures of 2.5 x 10 4 adult bone 
marrow cells were performed in 0.3% agar as described". Cultures were stimulated 
with recombinant purified GM-CSF, G-CSF, M-CSF, IL-3 (each at lOngml" 1 ), SCF 
(lOOngmP 1 ), IL-6 (lOOngml -1 ) or Flk-ligand (SOOngmP 1 ) plus LIF (lO^ml -1 ). Agar 
cultures were fixed and sequentially stained for acetylcholinesterase, Luxol fast blue and 
haematoxylin, and the cellular composition of each colony was determined micro- 
scopically. Tissue sections were prepared by standard techniques, stained with 
haematoxylin and eosin, and examined by light microscopy. 

MUP analysis 

To analyse MUP levels, 6-7-week-old mice were made to urinate before samples were 
collected 3 and 5.5 h later. Samples were pooled and centrifuged ( 13,000g x 3 min) before 

0. 5 uJ of supernatant was electorphoresed in 12% SDS-polyacrylamide gels and stained 
with Coomassie blue. 

Growth curves and linear measurements 

We weighed cohorts of mice at weekly intervals for 1 2 weeks from birth. After being killed, 
animals were pinned down through the oral cavity and lightly stretched by the tail for 
nose-anus (body length) and anus-tail (tail length) measurements. To measure skeletal 
dimensions, limbs were subsequently removed and oriented in a consistent manner for 
X-ray photography and bone length measurement. 

IGF-I measurements 

We determined IGF-I levels in serum from orbital bleeds using an EIA kit (rat IGF DSL- 10- 
2900, Diagnostic Systems Laboratories) according to the manufacturers instructions. 
IGF-I RNA expression was determined in RNase protections assays as described 13 using [3- 
actin as an internal standard. 
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Intimin and its translocated intimin receptor (Tir) are bacterial 
proteins that mediate adhesion between mammalian cells and 
attaching and effacing (A/E) pathogens. Enteropathogenic 
Escherichia coli (EPEC) causes significant paediatric morbidity 
and mortality world-wide 1 . A related A/E pathogen, enterohae- 
morrhagic E. coli (EHEC; 0157:H7) is one of the most important 
food-borne pathogens in North America, Europe and Japan. A 
unique and essential feature of A/E bacterial pathogens is the 
formation of actin-rich pedestals beneath the intimately adherent 
bacteria and localized destruction of the intestinal brush border 2 . 
The bacterial outer membrane adhesin, intimin 3 , is necessary for 
the production of the A/E lesion and diarrhoea 4 . The A/E bacteria 
translocate their own receptor for intimin, Tir 5 , into the mem- 
brane of mammalian cells using the type III secretion system. The 
translocated Tir triggers additional host signalling events and 
actin nucleation, which are essential for lesion formation. Here we 
describe the the crystal structures of an EPEC intimin carboxy- 
terminal fragment alone and in complex with the EPEC Tir 
mtimin-binding domain, giving insight into the molecular 
mechanisms of adhesion of A/E pathogens. 
Intimin has an amino-terminal bacterial membrane anchor and 



C-terminal domains needed for Tir binding 6 (Fig. 1). Tir spans the 
host cell membrane with both its N and C termini in the host 
cytoplasm and an extracellular intimin-binding domain (IBD) 7 . 
The crystal structure of the C-terminal EPEC intimin fragment 
(residues 658-939) at 1.9 A resolution has three adjacent domains 
(Fig. 2): immunoglobulin-like (Ig) Dl (residues 658-751) and D2 
(residues 752-841 ), and a C-type lectin-like D3 (residues 842-939). 
The secondary structural elements and domain boundaries are 
comparable to the previously determined NMR structure 8 , but the 
overall rod shape of intimin contrasts sharply with the curved NMR 
architecture (Fig. 2). The observed rod shape of intimin is also 
maintained in the crystallographic complex with the Tir IBD. 

Intimin makes different and minimal crystal packing contacts in 
the two crystal forms (the complex crystal has a high solvent content 
of 73%). Thus, the observed elongated shape is unlikely to be a 
crystallographic artefact. In addition, the crystal structure of inti- 
min matches closely the 2.3 A resolution crystal structure of the 
extracellular fragment of Yersinia pseudotuberculosis invasin (resi- 
dues 503-986), a homologue of intimin that binds to pi integrins. 
Invasin has four Ig-like domains (D1-D4) and a C-type lectin-like 
domain (D5) 9 . Despite a low sequence identity of only 21%, 241 out 
of the 282 Cot atoms of our intimin structure were matched to 
invasin with a moderate root mean square (r.m.s.) deviation of 2.9 A 
using ALIGN 10 . Intimin D2 and D3 form a superdomain with 
1,572 A 2 of buried surface (calculated using GRASP 11 ), much like 
invasin D4 and D5. Like the Ig-like domain interfaces of invasin, the 
intimin D1-D2 interface accounts for 450 A 2 of buried surface. The 
intimin Dl aligns equally well ( — 1.3 A r.m.s. deviation for —90% 
matched Ca atoms) with invasin Dl, D2 and D3, implying a similar 
architecture with multiple Ig-like repeats. Furthermore, the N- 
terminal 539 amino acids of intimin and the N-terminal 489 
amino acids of invasin (33% identity) are interchangeable and 
sufficient to promote bacterial surface localization of the C-terminal 
fragments 6 , implying that both these adhesins have a similar outer 
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Figure 1 The EPEC/host-cell adhesion interface. The model is based on our structural 
data of the complex of the C-terminal fragment of intimin (domains D1 , D2 and D3) and 
the extracellular Tir IBD. Intimin is shown in green with domains labelled and boundary 
residues numbered. The Ig-like domains DO, 01 and D2 are shown as rectangles, and the 
lectin-like domain D3, which binds to the Tir IBD, as an oval. Tir is shown as a dimer (in 
pink and dark blue) in the host-cell membrane, and is also labelled and numbered as 
described for intimin. The Tir IBD is the extracellular component of Tir flanked by the two 
predicted transmembrane (TM) domains. We observe a dimeric Tir IBD, with the two 
helices in each monomer forming a four-helix bundle that is stabilized by multiple 
hydrophobic and hydrogen-bonded interactions. The N-terminal domain of Tir anchors 
host cytoskeletal components (such as actin) that are needed to form the characteristic N 
E lesion on the host-cell surface upon bacterial adhesion. 
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